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Abstract
Design and Fabrication of a Label-free LC3 Immunosensor
towards the Estimation of Autophagy Flux
R.G. de Jager
Department of Electrical and Electronical Engineering,
University of Stellenbosch,
Private Bag X1, Matieland 7602, South Africa.
In 2016 professor Yoshinori Oshumi proved that autophagy is dysfunctional in neu-
rodegenerative diseases such as Alzheimer’s, enhanced in various cancers and progressively
declining in ageing. Autophagy also relates to metabolic disorder, infectious and general
degenerative diseases, and is a critical factor in the development of diseases relating to an
increase in cancer risk. The ability to monitor autophagy has become key interest in the
bio-tech industry and is also an excellent indication of a person’s overall health, however
to monitor and determine autophagy flux remains a challenge.
LC3 protein is a proven biomarker that directly relates to the rate of autophagic ac-
tivity and accumulates as autophagosomes are formed. With an increase and decrease in
the rate of autophagy the concentration of LC3 levels will alternate and is an excellent
estimate towards determining autophagy flux.
For this project different biosensing techniques were explored for LC3 detection with
an electrochemical biosensor chosen to be most applicable due to its robustness and se-
lectivity towards proteins. The goal towards a proof of concept utilised commercially
manufactured carbon nanofibre screen printed electrodes by Dropsens that were modified
in development of an immunosensor. For antibody crosslinking, the sensors were electro-
grafted using a diazonium salt mixture to form carboxyl support groups followed by the
activation of these groups using EDC/NHS activation chemistry. The antibody bindings
were verified with fluorescent microscopy by attaching a secondary antibody. Square wave
voltammetry was use as method of detection due to its simplicity as well as the method
generating absolute data for comparison. All square wave voltammetry experiments were
executed in 5 mM ferricyanide redox couple.
The functionality of the sensors were tested by performing a full scale test over a wide
range of different protein concentrations. The work done was successful towards a proof
of concept sensor for LC3 detection, with an increase in protein bindings observed over
the tested range and space for optimisation to increase sensitivity and accuracy.
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Uittreksel
Ontwerp van ’n LC3-II Immunosensor in die rigting van ’n
Autofagie Vloed Lesing
(“Design and Fabrication of a Label-free LC3 Immunosensor towards the Estimation of
Autophagy Flux”)
R.G. de Jager
Departement Elektries en Elektronies Ingenieurswese,
Universiteit van Stellenbosch,
Privaatsak X1, Matieland 7602, Suid Afrika.
In 2016 het professor Yoshinori Oshumi bewys dat autofagie disfunksioneel in neuro-
degeneratiewe siektes is soos byvoorbeeld Alzheimer’s, versterk is in ’n verskeindenheid
kankers en geleidelik afnemend in veroudering is. Autofagie het ook verband met metabo-
liese agteruitgang en aansteeklik asook algehele degeneratiewe siektes, en speel ’n kritiese
rol in die ontwikkeling van siektes wat in verband met kanker risiko is. Die bepaling en
monitering van autofagie se aanvraag het vermeerder maar bly tans ’n groot uitdaging.
LC3 proteïn is ’n bewysde biomerker vir autofagie en staan in direkte verband met
autofagie vloed waar die versameling van die proteïn verwys na die ontwikkeling van ’n
outofagosome. ’n Vermeerdering en vermindering in autofagie vloed sal ’n verhoging en
verlaaging in LC3 voortbring.
’n Elektrochemiese biosensor was mees van toepasing op gevolg van die literatuur stu-
die omdat dit robuust en selektief op proteïne is. Die hoof konsep begrip is bewys deur
gebruik te maak van kommersiele vervaardigde koolstof nanovesel elektrodes en dit deur
prosesse te plaas namens die ontwikkeling van ’n immunosensor. Vir teenligaampie kruis
koppeling was die sensors ge-electrograft met ’n diazonium sout mengsel om karboksiele
groepe te vorm en is geaktiveer deur gebruik te maak van EDC/NHS kruis koppeling
chemie. Fluoresserende mikroskopie was gebruik om die bindings te verifieer deur ’n
sekondêre teenligaampie te bind. Blok golf voltammetrie was gebruik as die hoof metings
metode en is uitgevoer in 5 mM ferricyanide.
Die sensor se funksionaliteit was getoets deur ’n volskaalse toets uit te voer en sy
werking oor a wye spektrum van konsentrasies se evalueer. Die ontwikkeling van ’n bewys
van konsep begrip was suksesvol waar ’n vermeerdering in konsentrasie waargeneem is op
die geproduseerde data, met baie spasie vir optimeering om die sensor se sensitiwiteit en
akuraatheid te verbeter.
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The discovery of the intracellular protein degradation process termed ‘Autophagy’ (Greek,
self-eating) has gained tremendous attention in the biomedical research arena, which was
crowned by the Nobel Prize awarded to Prof Yoshinori Oshumi, Tokyo University, Japan,
2016 [1]. It has now become clear that autophagy is dysfunctional in neurodegenerative
diseases, such as Alzheimer’s disease, strongly enhanced in many cancers, and progres-
sively declining in ageing [2; 3].
Autophagy advances the strength of cells and is crucial for the development, sepa-
ration, and maintenance of cell function and for the host safeguard against pathogens.
Deregulation of autophagy is connected to the vulnerability of different issues including
degenerative diseases, metabolic disorder, ageing, infectious diseases, and cancer. Au-
tophagic activity becomes a critical factor in the development and movement of diseases
relating to increased cancer risk as well as in separate stages of cancer [4].
Given that cancer is an intricate process and autophagy applies its effects in numerous
manners, the job of autophagy in tumorigenesis is setting subordinate. As a cytoprotective
endurance pathway, autophagy prevents chronic tissue damage that can prompt cancer
growth commencement and progression. In this setting, incitement or reclamation of au-
tophagy may prevent disease. Conversely, when cancer growth begins, numerous disease
cells enhance basal autophagy and uses autophagy to improve and get by in the hostile
tumour microenvironment. These discoveries uncovered the idea that aggressive cancers
can be dependent on autophagy for survival [4]. In this setting, autophagy hindrance is
a restorative strategy for established cancers.
Due to the increased usage of biometric devices such as smart watches people have
become more aware of their overall health. These devices are capable of reading a myr-
iad of different biometrics which through advanced models can estimate various health
statistics. Monitoring one’s health statistics has become more popular as it helps improve
fitness, monitor stress, manage sleep and knowing how to balance your active lifestyle and
diet. The autophagic process removes damaged cells in order to regenerate newer health-
ier cells. Autophagy is an evolutionary self-preservation mechanism through which the
body can remove the dysfunctional cells and recycle parts of them toward cellular repair
and cleaning [5]. Therefore autophagic flux is an excellent indicator of your overall health
1
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and the possibility of a frequent measurement will contribute tremendously towards a
health and recovery report.
However, the major challenge remains in the research and clinical arena alike, to
measure this process accurately. The basis for measuring autophagosome flux based on
fluorescence imaging techniques had been previously established by Loos and Hofmeyr
[6] and filed for protection in 2016. However, a device that is able to measure and sense
autophagic activity (flux) does not exist.
In 2016/17, our group, together with Prof Loos and Hofmeyr, developed the first Au-
tophagy sensor prototype (South African provisional patent (2018/04374)), a completely
novel approach to, in a highly sensitive manner, detect an autophagy flux related key
protein. However, in order to assess autophagic activity, multiple selective proteins have
to be detected creating a signature for autophagic activity.
1.2 Motivation and Approach
Continuous research on autophagy keeps discovering more physiological processes and
systems that relates to autophagic flux activity increasing the demand for a device that
can actively screen and monitor the process. An autophagic flux reading can inform spe-
cialists about activity in physiological processes which the data can be used for a variety
of applications. Some of them could be to develop personalised medication, monitoring
cancer and neurodegenerative diseases and an overall health indication.
The uniqueness of our approach is based on the very different and cross-disciplinary
approach that enables to quantify and measure a dynamic process, based on a single
measurement point, using a flux response protein signature that is electronically detected
and converted to an (numerically reported) activity status. This approach is based on
the combination of metabolic control analysis (JH Hofmeyr), fluorescence live cell quan-
titative imaging (B Loos) and electro-textile based biosensors (WJ Perold). Key proteins
that the project envisages to detect, have already been identified. Hence, the design of a
sensor that can detect and integrate multiple resistance readouts forms part of this project.
Here we aim to move the technology to a fully functional, tested and applied device
consisting of
i optimized hardware and sensing electronics, implemented with remaining flux signa-
ture proteins
ii optimized software algorithms to interpret and translate the protein signature into
autophagic activity,
iii optimized miniaturized design with a sensor cartridge exchange unit that is ready for
the market to operate as versatile point of care device.
The deliverable is an autophagometer/biosensor that provides a numerical flux value
output that informs the pharmaceutical, health-care and research environment with a
standardized autophagic flux measuring solution. Devices for a pharmaceutical indus-
try market as well as point of care miniaturised instruments are envisaged as end goal
deliverables.
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The autophagometer/autophagy flux biosensor device has significant impact on pa-
rameters that contribute to economic impact, competitiveness of biomedical/pharmaceu-
tical/health care industrial sectors as well as major social impact: Due to the three large
but related industries (health sector, biomedical and pharmaceutical industry) that would
be primary user of the device, major impact on GDP growth and job creation is enabled.
The device, using nano-sensor based technology with a software component impacts pos-
itively on capacity building and knowledge base.
1.3 Project Scope
The project scope was to use a biomarker that relates to the autophagic process and
develop a biosensor for marker detection towards the estimation of autophagy flux. An
appropriate biomarker was provided by the physiology department of Stellenbosch Univer-
sity with the goal to detect it in a complex physiological solution such as plasma extracted
from whole blood. Theory states that an increase in autophagy flux will result in an in-
creased accumulation of biomarker levels. The developed biosensor should ultimately be
a disposable sensor that plugs into an electronic device that performs measurements to
determine autophagy flux levels. The measuring device should produce data that a de-
veloped software algorithm processes to extract relevant information to identify marker
concentration. The final goal of the sensor is to be a mobile complete device capable of
being autophagy estimation in under resourced environments.
1.4 Thesis Outline
This thesis explores two main concepts towards marker detection namely the methods of
modification for biosensor development as well as methods of performing measurements
on the developed biosensor.
The complex process of autophagy is studied first to understand the physiological
working of different intricate mechanisms to allow the use of efficient methods during
sensor development. The chosen biomarker was reviewed to gain knowledge on its role in
the autophagic system to determine how the detection of markers can be utilised towards
an autophagy flux reading. Current methods for determining autophagy flux are explored
and compared to show the need of a robust point-of-care device. Furthermore various
different biosensing techniques are studied to determine which would suite the detection of
an autophagic biomarker best and fits the requirements specified. The study takes a look
at different biosensing methods, measurement techniques as well as measuring devices.
A potentiostat is required for performing voltammetric modification and measurements,
where to different industry grade commercial potentiostats are studied and compared to
show how the device’s specifications would effect the electronic sensing system. Based on
the literature review a sensing technique is chosen as well as an accompanying measuring
technique. The literature review was followed by a detailed discussion of the methodology
for sensor development. It explains how the sensors were characterised, modified and
verified with an in depth discussion on the results found as well as the interoperation
thereof. The success of the developed biosensor is discussed in the last chapter as well as
recommendation for improvement and further development.
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Literature Study
An extensive literature study was done to recall the research done in the field of autophagy
and its far-reaching fields. The discussion would be on the content gathered regarding
this topic as well as recommended methods of determining autophagic flux. The method
analysed for determining autophagy flux builds on prior scientific research.
Neurodegenerative diseases such as Alzheimer’s, Parkinson’s and cancer occurs more
often and there is therefore a need to develop technologies to target this tragic health
problem in a world with an ageing population. Neurodegeneration results in impaired
autophagy in humans with no means at this point in time to quantitatively analyse this
crucial system and substances that are known to regulate autophagy cannot be accurately
screened.
Currently no technology exists that can adequately measure autophagic flux. The
purpose of this research is aiming towards developing a technology that utilises specific
proteins to quantify autophagic flux data through the use of sensing hardware and software
analyses.
2.1 Autophagy
Autophagy is an exceptionally powerful metabolic process whereby a cell digests parts
of itself, thus the origin of its name autophagy from the Greek auto meaning ‘self’ and
phagen meaning to ‘eat’[6]. The autophagic process is an evolutionary procedure where
cytoplasmic material is engulfed in a double membrane vesicle which when fusing with a
lysosome initiates cellular degradation [7].
Autophagy is a standard physiological process which is responsible for cellular protein
degradation in the body. This process is responsible for the recycling of damaged and old
cellular components and is crucial for functionality [3]. It gets rid of potentially harm-
ful protein material and replacing it with new and alternative types which can possibly
change the cell characteristics. From metabolic disturbances and organism development
to reparation of damaged cell and tissues all continually occurring in living organisms as
the dynamic shifting of cells takes place. Knowledge on autophagy has revealed relation
to a wide range of fields including immune response, neurodegeneration, cancer, human
ageing, cardiomyopathy and atherosclerosis [3; 7].
4
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. LITERATURE STUDY 5
Figure 2.1: Schematic representation of the complete autophagic process [9]
With autophagy linking to these popular fields, it since has received a well known focus
in science and medicine. Various clinical trials [8] have already shown some results using
autophagic inducers which ramps up excitement towards the possibilities of autophagic
control. As our knowledge about autophagy expands it has shown that in order to utilize
this highly dynamic metabolic process thoroughly, it is important determine the rate at
which this process takes place also known as autophagy flux.
2.1.1 Autophagy Machinery
Autophagy is split into three main types of categories as shown in Figure 2.1 and is classi-
fied as macro, micro, and chaperone-mediated autophagy (CMA), with macro autophagy
the category of interest it being the biggest of the groups. Autophagy-related (Atg) pro-
teins also classified as key proteins play an important role in the autophagic cycle and
are present during the formation and regulation of autophagosomes as well as subsequent
events during the cycle. An autophagosome is a double membrane cell that engulfs the
cellular material to be degraded by autophagy, the core machinery proteins that relates
to the formation of the spherical cell along with other autophagy-related proteins will be
discussed in the following sections.
2.1.1.1 Autophagy-related Proteins
With macro-autophagy, from now on known as autophagy, the category of interest it will
be discussed and broken into multiple steps. The initiation of the autophagic system
starts with the identification of the cellular material then inducing an elongation of the
phagophore (double membrane enclosing to encapsulate cytoplasmic components). The
autophagosome which forms due to the completion of the phagosome elongation, then
fuses with a lysosome inducing the cellular degradation process. Several key proteins
(Atg) relate to the regulation and formation of autophagosomes and are specific to their
function in each step.
For autophagy to adapt to intracellular and extracellular stress an efficient system is
required. A central regulator of autophagy mTOR is a mammalian target of rapamycin.
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The binding affinity of Atg1-Atg13 and Atg17 kinase complex are increased in single-
celled microorganisms due to the activation of Atg1 as a result of inhibition of Tor by
rapamycin intervention or nutrient deprivation [10]. The activation of Atg1 stimulates
the formation of Atg1-Atg13-Atg17 scaffold proteins as well as subsequent recruitment
of other autophagy related proteins to the phagophore assembly site (PAS) to initiate
autophagosome formation. Thus, Atg1 is crucial in autophagy induction [11].
The primary role of autophagy is the bulk degradation of cytoplasmic proteins consist-
ing mostly of older, aged and damaged cellular material. It however also targets specific
organelles which is mediated through specific protein receptors. This selection allows the
recognition of target cargo for focused degradation. The basic similarities between the
pattern of yeast Atg19 and C-terminal recommends that p62 is an Atg19 analogue. It
goes about as a receptor for organelles or ubiquitinated proteins in higher eukaryotes
[10]. p62 thus assumes a significant part in encouraging the process of selective clearance
of ubiquitinated substrates and aggregate-prone proteins in autophagy. The binding of
both mono or poly-ubiquitinated proteins to microtubule-associated protein 1 light chain
3 (LC3) is also facilitated by p62 [12]. This results in the engulfment and degradation of
the autophagic cargo.
2.1.1.2 Autophagosome Formation
The move into the molecular environment of autophagy began with the recognition of the
AuTophaGy-related (ATG) genes. Up untill today 30 ATG genes have been identified
through independent genetic screens in yeast model systems. These ATG genes are in-
volved in various subtypes of macro-autophagy including starvation-induced autophagy,
the cytoplasm-to-vacuole targeting (Cvt) pathway and pexophagy. Many of the genes
have known orthologues in other eukaryotes[13].
A specific subtype of ATG genes plays a key role in autophagosome formation and is
necessary for autophagosome formation in all subtypes. The corresponding gene products
are referred to as the ‘core’ autophagy machinery. Three major functional groups com-
prise the core machinery: (1) Atg9 and its cycling system including Atg9, the Atg1 kinase
complex (Atg1 and Atg13), Atg2 and Atg18; (2) the phosphatidylinositol 3-OH kinase
(PI(3)K) complex (vacuolar protein sorting (Vps)34, Vps15, Atg6(Vps30) and Atg14);
(3) the ubiquitin-like protein (Ubl) system, which includes two Ubl proteins (Atg8 and
Atg12), an activating enzyme (Atg7), two analogues of ubiquitin- conjugating enzymes
(Atg10 and Atg3), an Atg8 modifying protease (Atg4), the protein target of Atg12 at-
tachment (Atg5) and Atg16 [13].
In addition PtdIns3K complex is involved in the recruitment of ubiquitin-like (Ubl)
conjugation systems, Atg12-Atg5-Atg16 and LC3 (also known as mAtg8). At the phagophore
construction site proteins accumulate to assist in the enlargement of the developing au-
tophagosome and the extension of the autophagosomal membrane. The phagophore as-
sembly site (PAS) is the projected site for autophagosome formation. The PAS can be
defined as a composite of the elongating membrane known as the phagophore and core
machinery proteins, with the exact conformation of depending on the stage of autophago-
some formation. The combined actions of the core machinery at the PAS advances to
the enlargement and metamorphosis of the phagophore into an autophagosome. Dur-
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ing this process most core machinery proteins are excluded from the complete spherical
membrane, with some being relocated to peripheral sites except for Atg8 [14].
2.1.1.3 Vesicle Fusion and Autophagosome Breakdown
Once the autophagosome has fully developed, Atg4 is used to split LC3-II from the out-
ermost membrane and discharge it into the cytosol. Subsequently the Atg12-Atg5-Atg16
complex is released into the cytosol after formation of the autophagosome is complete.
Meanwhile, a substantial measure of Atg8-PE remains in the completed autophagosome
during its movement to the lysosome. After fusion between the lysosome and autophago-
some and the disintegration of the remaining single-membrane cell wall that encapsulates
the cargo, the accumulation of Atg8 is released into the lysosome lumen and degraded.
Alternative methods of action have been recommended but it is possible that Ubl proteins
have a function in phagophore expansion. The degraded cargo which consists mostly of
amino acids, are transferred to the cytoplasm where during periods of starvation it can
be utilised for protein synthesis and nutrients.[10]
2.1.2 Autophagy Flux
Flux refers to the rate of flow through a surface or substance where autophagic flux can
be characterised as the rate of autophagic activity pointing to the rate of forming au-
tophagosomes. A relative change in activity degradation will result in a relative change
in the respective rate of degradation. There is a collection of techniques used most often
by systems to determine autophagic degradation activity, such as western blot analysis
for specific key proteins, transmission electron microscopy, and fluorescence microscopy.
These methods produce critical data that uncovers the molecular regulation of autophagic
machinery and are highly valued in the analyses of the autophagic pathway. In all 3
approaches assessment of the existence of autophagosomes is the determining compo-
nent of autophagic activity regardless the usage of appropriate inhibitors. Subsequent
to the commencing of the autophagic pathway, the cytosolic, proteolytically processed
form of MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3), termed LC3-I,
is modified with lipid extensions to form LC3-phosphatidylethanolamine, LC3-II, which
is specifically sent to to the phagophore membrane [15]. During the completion of each
phase of autophagosome maturation, the LC3-II on the outer surface is separated through
disunion, whereas the LC3-II that is present within the internal spherical membrane re-
mains associated with the realised autophagosome. The concentration of LC3-II therefore
corresponds well with autophagosome quantification [15].
The autophagic system can be expressed as a multistep pathway where the quantita-
tive measure of cellular material flowing along this route is defined as the flux, the rate
of flow in steady state through this pathway. Flux as the rate of flow along the pathway
is a term in line with metabolic studies where it refers to the rate of flow of metabolite
along a metabolic pathway.
Each step in this pathway relates to a certain rate v, which is quantified by the number
of units processed per cell per time unit. For example where the lysosome fuses with the
autophagosome and the rate is characterised as v2, the rate could either be the number
of autophagolysosomes produced or autophagosomes consumed per time unit.
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Figure 2.2: Schematic and reaction network representation of the autophagic process.












where nA, nL and nAL are the total individual entities per cell. The total autophagosomes
and lysosomes are consumed in step 2, thus the negative signs for nA and nL in (2.1) en-
sures a positive rate for v2.










= v1 − v2,
dnAL
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= v2 − v3,
dnAA
dt
= v3 − v4, (2.2)
In order for the system to be in steady state the entities that are entirely consumed or
produced could be regarded as constant at the time of the experiment. Thus at steady











The individual steps are thus numerically equal, (v1 = v2 = v3 = v4 = J) implying a linear
pathway for steady state. The rate at any individual step at steady state is therefore equal
to the steady state flux J . By blocking one of the steps like step 2 for instance completely,
a quantification of the autophagosome flux can be measured by determining the initial
rate of autophagosome accumulation.
2.1.3 Existing Autophagy Measuring Techniques
The precise measurement of autophagic activity is an ever progressing demand as well as
understanding into its function in biological processes, and remains a huge challenge to
this day. Measuring autophagic flux in a robust, well-quantified and delicate manner is
still a tremendous challenge despite technological advances on screening of the molecular
aspects of the autophagic machinery. Found in this section are research methods where
an abstract framework is identified for defining and measuring autophagosome flux at
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single-cell level. The theoretical framework of metabolic control analysis is what the idea
discussed is based upon and differentiates between the route along which there is a flow
of cellular mass and the quantitative measure of this flow.
2.1.3.1 Biochemical Detection of LC3-II
The detection of LC3-II by biochemical methods is possible through a technique called
western blotting [16]. Western blotting for endogenous LC3, also known as immunoblot-
ting, is one of the few methods using a reporter assay that can reliably monitor the
autophagosome formation, degradation and recycling process. However, this method of
immunoblotting brings forth 2 underlying challenges: Firstly, the number of autophago-
somes are indirectly assessed, supported by the existence of LC3-II in the lysate of a
complete cell accumulation. Secondly, high background increases the difficulty of accu-
rately assessing miniscule changes in LC3 protein levels and remains a small technical
challenge. Also, and more problematic, a western blot does not measure rate.
The concomitant use of substances like bafilomycin A1, or combinations of leupeptin
and pepstatin, is the method used to prevent the fusion of lysosomes, and can only
indicate an increase or decrease in autophagosome formation through an increase in LC3-II
immunoblot signals [17]. This method only measures whether flux is occurring, increasing
or decreasing, and unless the signal is documented over time during treament to stop
lysosome fusion it can not indicate the rate. Thus based on a single time stamp only
the flux cannot be determined, and this method called a "autophagic flux assay," only
indicates LC3 accumulation.
2.1.3.2 Transmission Electron Microscopy
Microscopy techniques enables the identification of individual autophagosomes allowing
an absolute and quantitative assessment of their existence. An important method for
confirming the state and presence of autopgagosomes, lysosomes, autolysosomes as well
as endosomes, is known as transmission electron microscopy (TEM) and provides us with
highly resolved ultrastructural information. The structural assessment of the intraorganel-
lar signal generated by TEM within autophagosomes is possible solely based on electron
density, homogeneity, and ultrastructure. Through this the discovery of Huntington dis-
ease is possible for example, which causes cargo recognition impairment, by revealing
details about the nature of autophagy targets e.g. pathology, mitophagy or lipophagy
and bulk cytoplasm [18].
In addition extremely powerful methods for extracting quantitative structural data for
example autophagosomal diameter or percentage of area occupied have been developed.
However, requirements for TEM processing involves fixation and embedding of the sample
in order for time-lapse analysis to be possible thus making it less suitable and extremely
difficult for measuring the rate of flow, hence autophagic flux. For this to be possible
various tissue samples need to be collected at different time stamps at the moment of
treatment intervention without the accompanying use of lysosomal protease activator at
saturated concentrations. This is an extremely expensive, labor and time intensive path
and would still not allow for direct quantification of active turnover.
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Moreover, to accurately assess the intracellular autophagosome group size a three-
dimensional image analysis tool would be required. Since TEM-based image analysis
only provides an incomplete reflection of the autophagosome pool it is restricted to data
solely derived from a single focal plane. TEM can thus indicate whether there is change
as well as if the change is significant when analysing number of autophagosomes. Again
it does not quantify the rate of change and is incapable of providing quantifiable flux, and
also not able to recognise if the system is at steady state. TEM acquisition and analysis
also does not provide information as to whether the system is at steady state. Thus the
data on intracellular architecture and organellar ultrastructure of autophagosomes has no
value towards the estimation of autophagic flux.
2.1.3.3 Light Microscopy
Fluorescence microscopy uses fluorescent tags to the molecules as markers of interest en-
abling detection. A specific wave length (200 - 500 nm) excites the markers which in turn
emits a fluorescent signal [19]. Previously researched autophagy related proteins can be
assessed for analysing autophagic activity and requires substantially less expertise than
electron microscopy [20]. A green fluorescence protein (GFP) is typically used to tag LC3
protein in autophagy research.
Fluorescence or confocal microscopy is the foundation on which light microscopy tech-
niques are built upon and fulfils the requirements needed for quantitative flux analysis as
it allows measuring rate. Fluorescent microscopy allows the visualisation of the LC3 cell
structures and is an extremely valuable tool as it can quantify participating entities such
as the total autophagosome count in a single cell. It is necessary that when performing
fluorescent microscopy the test is performed over time as the autophagosomal pool alone
does not describe autophagy flux but the rate of entity turnover is required. The fluores-
cent signal can quantify LC3-positive structures, and by completely blocking a step in its
pathway the rate of accumulation could be assessed accurately at a single-cell level.
A possible method of quantifying autophagic activity is by expressing GFP-LC3 as-
sessed by fluorescent activation, then plotting the geometric mean on an intensity his-
togram normalised to its control signal of any given cell population. Using big data, the
large number of cells provide desirable statistical power usually requiring a minimum of
10 000 entities. The possibility of using this method to determine the rate of LC3 accu-
mulation is there, it is mostly used to determine whether autophagic flux is occurring and
whether it is increasing or decreasing.
Fluorescent microscopy enables imaging through a whole cell allowing the total acqui-
sition of the autophagosomal pool, thus a method to quantify the total puncta is required
to assess the pool size. Software known as WatershedCounting3D has the exact function of
automatic puncta counting and is perfect for quantifying the autophagosomal pool. The
software’s assessment returns the average number and total area of GFP-LC3 puncta per
cell, where the percentage change in GFP-LC3 puncta is usually how autophagic activity
is expressed. The induction of autophagy could result in an increase in autophagosomes
and impaired lysosome fusion, these crucial aspects are deceptive of this approach and not
currently well dressed. Another potential difficulty although there are steps to reduces
this, is when over/co-expressed to aggregate-prone proteins LC3 is known to accumulate
and the assemblage could be mistaken for autophagosomes.
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2.2 Biosensors
A biosensor is a sensor with the capability of detecting the presence of some biological
matter. It is an analytical device that utilises a physiochemical detector in combination
with a biological component enabling the device to ‘sense’ biological molecules and living
organisms when the sensor are exposed to them. Some sensors can detect merely the
presence of a certain biological components and some are able to quantitatively assess the
detail in a physiological process. The quantitative data is usually by means of an electrical
signal transferred and processed to determine the concentration of a specific bio-element
[21; 22].
These type of sensors would be extremely advantageous in rural areas where medical
care is not easily accessible and would enable high level diagnostics at in very remote areas.
The goal of these sensors is to have them be extremely user friendly, as small as possible,
robust, multifunctional and sensitive but most importantly, cost effective [23]. Biosensors
is a broad field with a myriad of techniques and approaches but the in depth discussion of
them is beyond the scope of this thesis, with some of them being piezoelectrical, optical,
gravimetric, pyroelectric and electrochemical. Electrochemical will be the focus in this
project since it covers all the specifications mentioned and the fabrication is relatively
simplex [24].
2.2.1 Biosensor Fundamentals






The bio-receptor is responsible for the detection of the target analyte and consists
of the bio-recognition elements for identification purposes. The bio-receptor is typically
located at the sensor’s transducer where an electrical signal will be generated as the recep-
tor picks up the presence of a target molecule and can be in the form of antibodies which
is most common for electrochemical biosensors. Enzymes, microorganisms and nucleic
acid is also capable of acting as bio-receptors. The generated signal then passes through
analogue circuitry for signal amplification and processing, to be interpreted at the circuit
output by means of data analysis algorithms [22; 25]. The recognition event differs for
different biosensors and have an effect on the analyte by means of exothermic reactions,
movement of electrons and the release of gases like hydrogen and oxygen for example [26].
Figure 2.3 shows a typical biosensor model.
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Figure 2.3: Schematic of a typical biosensor showing the fundamental components it is
comprised of [27]
2.2.2 Electrochemical Biosensors
The purpose of a biosensor is the transform a bio-recognition event into an electrical signal.
Electrochemical biosensors have the capability of detecting highly specific elements very
sensitively which is why such a transducer is appealing [28]. A chemical change occurs
at the transducer that is dependant on the analyte concentration which is the result of
the bio-element and bio-receptor undergoing a binding reaction. The change in chemistry
ultimately results in a change in the electrical signal generated by the transducer. Biocat-
alytic devices and affinity sensors are the two main types of electrochemical biosensors,
where the first utilises enzymes and the latter uses antibodies and nucleic acids. Upon
recognition of the target analyte an enzyme will release an electroactive species with an
example of such a biocatalytic device the well known blood glucose monitoring device
that patients of diabetes make use of. When immobilisation of antibodies onto the sensor
surface is executed the bio-receptor can bind with specific analytes and is then known to
be an affinity biosensor. Selective enzyme are difficult to find and not widely available for
most target analytes thus affinity sensors are the more common choice [28].
Electrochemical biosensing consists of a multitude of different techniques with three
main categories, voltammetric, potentiometric and impedimetric sensors [29]. A tech-
nique that utilises transistors is also favourable with charge accumulating at the gate of
the transistor with the gate containing the bio-receptor that converts the chemical change
to a current, and known as the field-effect technique [24; 30; 31]. The different techniques
are unique in its advantages as electrochemical biosensors with all having trade-offs in
terms of simplicity of fabrication, detection sensitivity, robustness and miniaturisation,
featuring certain drawback as it excels in specific areas. Electrochemical impedance spec-
troscopy (EIS) is the backbone of impedimetric biosensors and extracts information by
measuring the complex impedance of a cell. A small sinusoidal waveform is induced onto
the transducer surface and measures the exiting waveform to determine the resistive and
capacitive elements of the cell. This method requires sophisticated electronics capable of
detecting in and out of phase current which is a complicated task [32; 33; 34]. Potentiomet-
ric sensors operates by measuring the voltage change over a cell while assuming no current
is flowing through the cell but they are slow in response and sensitive to environmental
noise resulting in inaccurate readings [29]. Voltammetric sensors are the most attractive
due to its sensitivity and overall simplicity, and operates by applying a specific potential
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waveform and measuring the resulting current [35; 36; 37]. Due to previously reported
success as well as the simplicity and cost-effectiveness thereof, Voltammetric techniques
will be further discussed. Section 2.3 goes into depth on the theory and application of
voltammetric techniques in electrochemistry.
2.2.2.1 Voltammetric Biosensor
Electrochemical biosensors usually consists of three electrodes known as the working,
counter and reference electrodes. In some cases electrochemical sensors only require two
electrodes to be in contact with the solution where the reference and counter electrode
is short circuited. The working electrode (WE) serves as the sensor’s transducer and is
usually a redox conductive material. All modification is exerted onto the working elec-
trode and is the site where the bio-recognition event takes place. The role of the reference
electrode (RE) is to maintain a constant stable potential and is mostly made of silver of
silver chloride, although when pure silver is used it tends to oxidise and contaminate the
voltammetric readings. The counter electrode (CE) is usually of the same material as the
working electrode and also requires to be conductive in a redox solution as it establishes
a current path between itself and the working electrode [28]. Discussion on the materials
used follows in Section 2.2.3.2.
An applied voltage over the working and reference electrodes produces a redox cur-
rent that originates at the working electrode due to the oxidation and reduction of the
electrolytic solution. This principle of voltammetric biosensors is dependent on the con-
centration of the electrolytic solution and, results in a change in current flow as the con-
centration varies due to a change in available ions [29]. In order for current to flow in the
redox species the applied potential is required to be in the redox potential range. Square
wave voltammetry (SWV), cylclic voltammetry (CV) and differential pulse voltammetry
(DPV) all operate by means of an applied potential and measuring the resulting current,
whereafter the data is visualised on a voltammogram (plot of the applied voltage versus
measured current) [35]. The different techniques are unique in the parameters of the ap-
plied waveforms, except for amperometry that is the plot of measure current over time.
An early example of amperommetry is the monitoring of glucose oxidising in the
presence of glucose oxidase (GOx) [38], and is an amperometric biosensor that measures
the flow of current while maintaining a constant potential. The reaction is shown as,
glucose + O2
GOx−−→ D−gluconic acid + H2O2 (2.4)
where glucose acts as the reaction’s analyte with the product being H2O2 and O2 the
substrate. The current is produced by the oxidation of hydrogen peroxide at the electrode
surface as shown in Figure 2.4, which is proportional to the amount of glucose in the
sample.
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Figure 2.4: Diagram of a first-generation amperometric biosensor for glucose detection
[38]
The range of oxidation and reduction potentials required for first generation amperi-
ommetry can be varied by the use of redox mediator which in turn increases the electron
transfer capabilities [29]. Kuek Lawrence et al. used a ferrocene monocarboxylic acid
mediator [39] to carry electrons from the GOx to the electrode surface in development of
an amperometric biosensor that is paper based, with Figure 2.5 showing the fabrication
method. Instead of hydrogen peroxide ferrocene is then reduced, generating an electrical
signal as it undergoes re-oxidation [40].
Figure 2.5: Diagram showing fabrication method of a ferrocene monocarboxylic acid
mediator glucose biosensor [39]
Dropcasting was used to absorb GOx on paper and air dried. The optimal redox
potentials and pH was determined beforehand conducting experiments to optimise the
sensitivity of the sensor. After adding the mediator to the paper it was carefully place
onto the carbon screen printed electrode. By monitoring the current the voltage that will
yield the largest oxidation current was chosen with the biosensor operating between 0
and 0.5 V. The experiments were executed in 0.1 M PBS of pH 7.0, which is identified as
the optimal pH level for the behaviour of the mediator. A detection limit of 0.18 mM is
achieved in the range of 1 to 5 mM glucose and also resulted in a 2% degradation over
a 4 month period still being able to detect glucose levels in soft drinks comparable to
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industry standard tests. This sensor is proof that a low-cost simplex sensor like this could
show promise in the industry of food processing control.
Cyclic voltammetry (CV) is a voltammetry method used for gathering information on
the electrochemical window of a reaction and presents data such as the potential range of
the reaction as well as the reaction rate [24]. The voltage over a cell is swept to and from
two specified potentials at a specific scan rate. Scanning towards a positive potential the
species R undergoes oxidation shown in (2.5).
R −−⇀↽− O + ne− (2.5)
As the sweep reaches a predetermined switching potential the the cell is scanned in the
reverse direction whereas the species O undergoes reduction and is reduced back to R
[41].
O + ne− −−⇀↽− R (2.6)
Scanning the potential in both directions enables us to analyse the electrochemical be-
haviour inside a cell being an advantage over other voltammetry techniques as it yields
valuable information of the reaction on the electrode surface. Figure 2.6 shows the wave-
form of a single CV cycle in an arbitrary redox solution and its corresponding current
response.
Figure 2.6: Diagram for cyclic voltammetry details. a) Plot fo applied potential over
time as the cell is swept from a more negative potential towards a more positive
potential and vica versa as it reaches the switching potential. b) the resulting current
signal corresponding with the applied waveform of a). [41]
With cyclic voltammetry producing data on the behaviour of an electrochemical re-
action, it is often used for monitoring electrode modification. It can also be used for
sensing purposes but since the resulting current waveform is complex it is difficult to ex-
tract absolute values and is thus less common. The voltammogram in Figure 2.7 reported
by Kuek Lawrence et al. is the waveform produced by CV as the electrodes undergo
modification with the tests executed between stages. It can be seen that PBS (black)
has no contribution, the mediator (red) induces some redox reaction and the ferrocene
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mono-carboxylic acid mediator (blue) with a significantly unregulated redox reaction due
to the enzyme dependent oxidation of glucose [42].
Figure 2.7: Graph of GOx immobilised onto a paper disk [39]
Apart from the monitoring of electrochemical cells and reactions, cyclic voltammetry
can also be used as a method of modification. Eissa et al. demonstrates the modification
of the working electrode by creating carboxylic moieties as diazonium salt is reduced onto
the electrode surface [43]. The experiment present the results of how different carbon
based screen printed electrodes perform after a cyclic scan from 0.2 to -0.6 V and back to
0.2 V at a scan rate of 100 mV/s. The cyclic voltammetry in carboxyphenyl diazonium
salt solution is known as electrografting with Figure 2.8 showing the voltammogram of
the modification process.
Figure 2.8: Voltammogram of successive cycles of electrografting in diazonium salt
solution [43]
The first cycle displays a strong irreversible reduction peak current at -0.25 V de-
creasing bit by bit after every successive cycle. The initial electron transfer between the
working electrode and the diazonium salt results in the reduction peak and diminishes as
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more carboxylic groups are grafted onto the electrode surface, causing a drop in electron
transfer efficiency. The biosensor for detection of survival motor neuron protein by Eissa
et al. was further developed by means of square wave voltammetry.
Square wave voltammetry (SWV) has become a popular method in electrochemical
methods in recent years where multiple papers [43; 44; 45; 46] have proved its success in the
field of biomarker detection. SWV is based on the principle of a square wave superimposed
onto a staircase waveform as shown in a) in Figure 2.9, with b) the resulting current. The
current is sampled at the end of each pulse indicated by the black squares where the
sampled current at 1 is subtracted from the current at 2 resulting in the voltammogram
in b). This differs from differential pulse voltammetry where the sample is taken at the
beginning of each pulse.
Figure 2.9: Figure to display the principle of operation of square wave voltammetry. a)
graph of the applied waveform with ∆Ep the fixed pulse potential, tp the pulse time, τ
the cycle time and ∆Es the fixed change in potential per cycle b) Graph of the resulting
current measured (1-2) with ∆ip the relative change in peak current [41]
In the development of a biosensor for detection of survival motor neuron protein by
Eissa et al. different materials was exploited for screen printed electrodes where the
carbon nanofibre sensors were reported to have the most responsive platform. The high
sensitivity of the electrodes are due to the greater surface area and the fibres also have
a high degree of selectivity. After electrografting with diazonium salt as shown in Figure
2.8, the carboxyl groups were activated by using EDC/NHS activation chemistry which
is required for antibody attachment. The square wave voltammetry experiments with
parameters at a scan range of 0.3 to -0.4 V at 125 mV/s, 25 Hz, pulse amplitude 20 mV and
5 mV step potential, were conducted in a 5 mM potassium ferricyanide ([Fe(CN)6]3−/4−)
redox species prepared in 10 mM PBS, pH 7.4. Different concentrations of SMN protein
were detected by measureing the relative change in peak current as shown in Figure 2.10,
showing how the peak is increased as more protein is bound to the working electrode. Due
to a positively charged SMN protein and the experiments performed at a pH of 7.4 the
SMN protein will attract the redox anions, and with its isoelectric point at 8 an increase in
electron transfer efficiency is experienced yielding an increase in reduction peak current.
A linear response from 1.0 pg/ml to 100 ng/ml is reported with a 0.75 pg/ml detection
limit. Tests conducted with whole blood and diluted with lysine buffer showed a 91 to
95% SMN protein recovery rate, proving the SMN detection capability in whole blood.
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Figure 2.10: a) Square wave voltammetry results of different SMN protein concentrations
b) Calibration curve based on the change of square wave voltammetry peak currents [43]
Li et al. demonstrates that electron transfer capability can also be decreased by the
blocking effect. Without the use of an amplification or fluorescent marker, the "label-
free" angiogenin biosensor utilises an anti-angiogenin-aptamer capture molecule as a bio-
receptor, immobilised onto a gold electrode. The functionality of the aptesensor is pre-
sented on the left of Figure 2.11 showing how the gold working electrode repels redox
anions due to its negatively charged phosphate backbones [47]. An EIS measurement
verified an increase in the charge transfer resistance due to the surface modification, thus
with a higher concentration of angiogenin the more the redox peak is supressed showed
on the right of 2.11.
Figure 2.11: Diagram of a biosensor for detection of angiogenin using aptemers for
bio-detection (left) and the resulting square wave voltammetry response for different
concentrations (right) [47]
After experimenting with different measuring techniques, it was reported by Li et
al. that square wave voltammetry was the most repeatable and sensitive compared to
other voltammetry techniques such as electrochemical impedance spectroscopy and cyclic
voltammetry. A linear detection range of 0.01 nM to 30 nM was reported for the detection
of angiogenin in a sample with a 1 pM detection limit. A comparison between a commer-
cial human angiogenin assay and the aptesensor was made by using samples from lung
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cancer patients, and showed to give an accuracy of 92 to 104%. The accuracy percentage
was determined by taking the ratio between the aptesensor’s measure concentration and
that of the immunoassay confirming that the aptesensor is capable of detection of com-
plex biological samples. The disadvantage of aptamers though is that is is very fragile
and unstable making it very difficult to fabricate such a sensor.
Voltammetric biosensors are popular due to its simplicity, robustness, simplex fabrica-
tion methods, it is easily characterisable and produces in depth electrochemical reaction
behaviour data and is clear why it is a common choice. There are however trade-offs to
different voltammetry techniques such as amperometry that has very low detection limits
due to negligible charging currents and thus are simple and robust, but very little target
proteins have enzymes to associate with it with the capability of oxidation and reduction
in a redox solution [28; 48]. Cyclic voltammetry is uncommon for being a measure of
detecting the presence of a target molecule but is a key method in the modification of
sensors towards detection such a modifying the working electrode through electrografting
and is also the means of sensor characterisation. The sweeping voltage though produces
charging currents that are difficult to analyse and does not yield absolute values thus
complicated to assess. Square wave voltammetry generates a peak current which is a
direct result of change on the working electrode making it ideal for a target detection
test. It is sensitive and reliable making it a popular technique in biosensing [44].
2.2.2.2 Impedimetric Biosensor
Electrochemical impedance spectroscopy (EIS) is the basis of an impedimetric biosensor
with the test delivering depth detail into different dimensions of a cell. The popularity of
EIS is increasing due to its proven sensitivity, being able to assess a myriad of dynamics
in chemical and physical properties. Due to its multi-dimensional analysis the monitor-
ing of bio-recognition events are extremely attractive with the potential to pick up the
slightest of change in cellular behaviour of several catalization reactions with enzymes [49].
The electrical real impedance of a cell, which is also known as the resistance of an elec-
trical component, is the measure of opposition for current to flow through the component
when a voltage is applied. If the component facilitates capacitance then the component
has both resistive and capacitive impedance known as complex impedance with the real
component being resistive and the imaginary capacitive, with the imaginary part caused
by an electrical phase shift. The complex impedance of a cell is measured by generating
a small sinusoidal signal and applying it to the cell while sweeping through a range of
frequencies. The resulting current as well as the phase shift is measured to determine the
complex impedance of the cell. The frequency spectrum is utilised enabling the test to
pick up complex changes in cell chemistry as binding between enzymes and antibodies
takes place. Combination of data plots between complex impedance and frequency yields
in depth data relating towards electron transfer processes at the electrode surface as well
as valuable information on the double layer capacitance formation due to the diffusion
transport of the species in the redox solution. Electrochemical impedance spectroscopy
can be used in the modelling of electrical equivalent circuits providing absolute data on the
behaviour of cell change [38]. Figure 2.12 shows the resulting experimental data obtained
from performing EIS.
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Figure 2.12: Diagram showing the resulting data generated from an EIS scan and the
cells equivalent circuit with Rs the solution resistance and Rct the charge transfer
resistance [50]
An obstruction present in the analyte when the target molecule is bound to the elec-
trode surface is measured as the impedance between the two redox probes changes and is
known to be a Faradaic process. A non-Faradaic process is the result of the double layer
capacitance as it changes due to target molecule binding and is in the form of charging
currents. Capacitive sensors like IDE’s (interdigitated electrodes) for example, experience
a change in capacitance after sensor modification and identifies as non-Faradaic electro-
chemical impedance spectroscopy [38].
2.2.3 Biosensor Components
This section looks at the specific building blocks towards a biosensor and the components
it consists of. Important topic ie. immobilisation strategies for binding the bio-recognition
element to the transducer is discussed as well as common materials used in the transducer
fabrication.
2.2.3.1 Bio-recognition & Immobilisation Strategies
Biological and physiological processes relate to very specific biomolecules and are asso-
ciated with particular characteristics, proteins and cells that solely identifies with this
process. These biomolecules are known as biomarkers, a marker that identifies with a
certain process and can be accurately measured and are captured by the bio-recognition
element such as enzymes, antibodies and whole cells [51; 24]. Detection of a biomarker in
a sample could indicate that the process it relates to is active where the biomarker concen-
tration will determine the degree of this process. A biosensor consists of a bio-recognition
element immobilised onto it and is able to indicate if a certain biological process is under-
way as well as the intensity of this process as the concentration of biomarkers are higher.
Aptamers comes in two forms known as single stranded DNA (deoxyribonucleic acid)
and RNA (ribonucleic acid) and are sensitive, stable and highly specific nucleic acids
[52]. Aptamers are attractive for fabricating biosensors due to modification methods not
greatly influencing its ability to bind to a specific target and can easily and cost effectively
be synthesized with chemical tags, and have being successfully used in the detection of
biomarkers towards cancer and a number of foodborne pathogens [47; 53; 54; 55; 56]. En-
zymes are known to have biocatalytic activity and are highly specific consisting of amino
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acids that catalyze biochemical reactions and are widely used detection in electrochem-
istry with these type of biosensors being relatively cheap, provides fast results and are
reusable. Some drawbacks though, is that the enzyme layer loses its activity and thus
needs to be sporadically regenerated and to limit interference from unwanted reactions in
the same redox potential range redox permeable membranes are to be employed. Despite
these disadvantages they still excel for use in biosensors and are popular for its use in glu-
cose monitoring in patients of diabetes [28; 48; 57; 58] as well as the detection of l-lactate
[59] and cholesterol [60; 61]. Cultured cells and live cell lines are utilised in whole-cell
based biosensors and immobilised onto the transducer which can then detect a change
on the transducer surface as these cells respond or grow. These cells are very dependant
on environmental factors, thus such biosensors are still enclosed in laboratories to control
these factors but are able to provide very complex functional data and by using organic
electrochemical transistors the study of these cells are possible [30; 31; 62].
With antigens as biomarkers, antibodies have shown to be great recognition elements
being highly specific and is the principle behind affinity based biosensors. Antibodies are
of importance as they create a platform of sensitivity to proteins on the transducer surface
with the level of sensitivity on immobilisation orientation, method, and the blocking of
bindings to non-specific species. The antibody structure is shown in Figure 2.13 consisting
of two light- and two heavy chain with constant and variable regions. "Fc" identified the
non-antigen binding fragment and "Fab" the antigen binding fragment.
Figure 2.13: Diagram showing the structure of an antibody [63]
When antibodies are immobilised the orientation is of high importance. For interac-
tion with the analyte careful immobilisation is required with techniques to control the
antibody orientation by interaction with the antibody molecule and numerous reactive
groups on a solid surface, ensuring that the binding ability is not compromised. There
is a possibility of saturating the transducer surface by "coating" it with multiple lay-
ers, resulting in the antibodies to not function effectively and leads to steric hindrance.
Biotin-streptavidin linkage, covalent binding and adsorption to a conductive surface are all
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methods for antibody immobilisation [28; 64]. Affinity immobilisation methods a surface
of high affinity is provided as with biotin-streptavidin linkages a high affinity of biotiny-
lated biomolecules are present. Effective orientation of the antibodies on streptavidin
functionalized surfaces is allowed as the biotin molecule is attached to the "Fc" region. A
very specific surface is required for this method as well as an antibody with a biotin tag
which is not always widely available, but apart from this it is a relatively simplex method
of immobilisation. The absorption methods leads to sporadic orientation of antibodies as
numerous functional groups react with each other, but is a simplistic method that enables
surface functionalisation for antibodies through van der Waals and electrostatic forces [65].
Covalent bonding between the functional groups on a transducer surface and an anti-
body is preferred due to the reusability factor it gains as well as enabling the sensors to
be stored for longer periods without losing efficiency. Through covalent immobilisation of
antibodies with functional groups highly reactive chemicals are required which can cause
the loss of antibodies as well as decrease the binding capacity of antibodies, also causing
time delays as a result of tedious extra modification steps [66]. Glycomoiety coupling,
thiol coupling and amine coupling are three methods by which covalent immobilisation
is possible as shown in Figure 2.14. Glycomoiety coupling uses amine groups present
on the sensor surface linking to active diol groups on the antibody’s "Fc" region that is
created while executing this method. Through the reduction of disulphide groups (-S-S-),
a binding between one of these active groups and a thiol group present on the antibody
is required which will form sulfhydryl-reactive groups (-SH). A thiol-disulphide exchange
will occur as one of these active disulphide groups on the sensor is in the presence of a
sulfhydryl-reactive group. With only a few sulfhydryl groups available on the protein the
orientation of the antibodies become a controlling factor and the binding efficiency could
be increased [66; 65].
Figure 2.14: Diagram showing various covalent immobilisation techniques [65]
Electrografting as discussed in Section 2.2.2.1 is an electrochemical method where a
diazonium salt solution is grafted onto the transducer surface [67]. The grafting process is
executed by using a potentiostat and performing a cyclic voltammetry scan and sweeping
a potential over the created electrochemical cell. The cathode of the experiment is set
up to be the transducer material, then by taking diazonium salt and dissolving it in an
electrolytic medium the diazonium salt solution is reduced onto the substrate surface set
up as the cathode and known to be the working electrode. The range of the voltage sweep
is chosen to be in the range of diazonium salt’s voltammetric peak where after a specified
amount of sweeping cycles a washing step is performed to remove any access salts and
unbound materials [68; 69].
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Bio-receptor based assays for receptor immobilisation is not limited to only antibodies
with electrografting functional groups onto the electrode surface a respected technique
with successfully reported results [70]. Corgier et al. [71] reported conjugating diazonium
salt to graphite electrodes after immunoglobulin G (IgG) antibodies was bound to 4-
carboxymethylaniline with the sequence given in Figure 2.15.
Figure 2.15: Diagram showing the sequence of electrode surface modification of a
graphite substrate by Corgier et al. [71]
Eissa et al. also used electrografting by reducing diazonium salt onto the working
electrode in the modification towards biosensor development for detecting SMN protein.
Eissa et al. reported to have first modified the electrode surface after electrografting prior
to the immobilisation of the SMN protein which differs from the method reported by
Corgier et al. EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) and
NHS (N-hydroxysuccinimidyl-4-azidosalicylic acid) was used as an activation buffer bore
immobilisation and is known as EDC/NHS activation chemistry. The different methods
of modification by Eissa et al. in Figure 2.16 can be compared to that of Corgier et al.
in Figure 2.15
Figure 2.16: Diagram showing the sequence of electrode surface modification by Eissa et
al. [43]
Three electrode SPE’s (screen printed electrode) were used by Eissa et al. [43] to
demonstrate the success of their modification on the working electrode with al sensors be-
ing carbon based. The performance of six different materials were explored being single-
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and multi-walled carbon nanotubes, graphene, graphene oxide, carbon screen printed and
carbon nanofibres, with the counter electrode consisting of the same materials and and a
silver chloride reference electrode. The reference electrode creates a stable potential point
not affected by its environment and small disturbances [72]. Eissa et al. [43] reduced
diazonium salt onto the working electrodes through cyclic voltammetry as a functional-
isation step with parameters as -0.6 V to 0.2 V potential range at a scan rate of 100 mV/s.
A potentiostat was used for performing cyclic voltammetry scans. Figure 2.17 shows
the voltammograms of successive cycles of the electroreduction of 4-carboxylpenyl diazo-
nium salt onto different substrate materials.
Figure 2.17: Diagram showing CV voltammograms with successive cycles of
electrografting on different transducer materials [43]
2.2.3.2 Transducer
The material used to fabricate the sensor’s transducer is largely dependant on the type
of biosensor. Examples of transducer materials are quartz crystal microbalance sensors
that uses gold [73; 74; 75], polystyrene sulfonate for organic electrochemical transistors
[30; 31; 76; 77], and gold-coated glass for optical biosensors based on surface plasmon
resonance [78; 79; 80; 81]. Some sensor make use of a hybrid between materials to com-
bine their advantages such as graphene oxide and gold-nanoparticle modified graphene
towards fabrication of an impedance sensor [82; 83]. The requirement for electrochem-
ical biosensors is the ability for current to flow thus any type of conductive polymer is
accepted, with the specific polymer depending on the specificity and sensitivity of the
sensor. The material is chosen based on cost, stability, biocompatibility, conductivity and
modification simplicity such as the presence of functional groups for crosslinking purposes.
Figure 2.18 shows the molecular structure of graphene oxide that consists of a mul-
titude of oxygen containing groups on the outer edges of its flakes, as well as the basal
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planes and is in its whole a single atomic layer material. Its significant surface area make
for effective protein immobilisation, by using the EDC/NHS crosslinking protocol the
functional carboxylic groups (-COOH) makes for ideal immobilisation [84].
Figure 2.18: Chemical structure of graphene oxide [85]
By creating smaller changes at the electrode surface the sensitivity of the biosensor
is increased. This is done by lowering the charge transfer resistance of a standard glassy
carbon electrode by modifying it with graphene oxide, and literature reporting the exe-
cution of a dropcasting step as modification [53; 84; 86; 87].
Carbon nanofibres, due to its orientation has an exceptionally high surface area causes
it to be highly conductive and sensitive, and is an excellent substrate for transducers in
electrochemical biosensors. The fibres in the form of nanotubes, are folded and stacked
to form graphene layered cylindrical structures through using a technique called catalytic
chemical vapour deposition [88]. The fibres are grown on a substrate by applying high
temperatures to gas-phase molecules causing it to decompose. Figure 2.19 is a picture of
carbon nanofibres taken by an electron microscope where multiple and individual fibres
can be seen.
Figure 2.19: Picture of a CNF sheet taken by an electron microscope [88]
The fibres consists of oxygen containing groups capable of modification to form func-
tional groups without compromising the structural integrity of the material. The large
surface area creates an immobilisation matrix for antibodies to bind to. With the plane
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defects of its outer walls contributing to high electron transfer in an redox species along
with its great surface-to-volume ratio this material is the prime transducer substrate.
The manufacturing of screen printed electrodes has recently become quite popular as
it is an excellent starting point of building a sensor proof of concept, and there exist
companies that supply them commercially. A company such as Dropsens provides various
different screen printed electrode of which you can customise the combination of materials
with the three electrode SPE’s having dimensions of 3.4 x 1.0 x 0.05 cm. The carbon based
SPE’s consists of a ceramic base substrate with a carbon counter and working electrode,
and features a silver reference electrode. Dropsens provides a cable that connects to a
potentiostat where the sensor could plug in to as you would a UBS into a computer. It
comes at relatively cheap price of R100 and operates in small sample solutions of 50 µl.
Figure 2.20 shows a carbon nanofibre screen printed electrode from Dropsens, Spain.
Figure 2.20: Carbon nanofibre screen printed electrode from Dropsens, Spain, showing
the sensor layout and configuration [89]
2.2.4 Research Based Autophagy Flux Biosensors
Physiological processes are complex procedures and are typically a changing state, making
information in an absolute measurement of the biology very limited. Therefore monitoring
the dynamic process of autophagy and determining the rate at which it occurs remains a
great challenge. An absolute measurement could indicate if autophagy is occurring but
biosensors are not yet intelligent enough to understand the increase and decrease thereof,
with the development of such biosensors for monitoring the different forms of autophagy
still underway. Techniques do exist for determining autophagy flux by chemically prob-
ing a sample to modulate the process enabling us to measure the dynamic process, but
requires great form of experience and an in depth physiological knowledge [13].
Biosensing and monitoring of the autophagic process has two main approaches to con-
sider as shown in Figure 2.21 with examples of these approaches previously reported in
literature [13]. The first of the two categories is an extensive process by monitoring the
behaviour and activity of autophagy as primary molecules are modified which changes the
autophagic mechanism, and assessing the molecular activity. The second approach would
be to monitor the "path" of target molecules by following them to determine the accu-
mulation of these target molecules as they are delivered in each phase of autophagy, such
as autophagosome/ lysosome fusion for example to facilitate a specific target molecule as
a biomarker.
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With the approach of monitoring a specific target molecule it is essential to be able to
tag or clearly identify the molecule in order to follow its "path" and determine its fate.
Through the use of electron microscopy the visualisation of mitochondria and intracellu-
lar pathogens is possible and by assessing their staining patterns generated the process
is analysable, or detection by fluorescent microscopy subsequent to labelling the target
molecules with the appropriate dyes [13]. By genetically binding fluorescent markers with
target proteins it greatly expands the possibilities for monitoring autophagy as the deliv-
ery of certain target molecules can be properly traced. The presence of fluorescent protein
markers are capable of detection even in the degradation of organelles as they are highly
stable proteins persisting in their fluorescent form [90]. Western blots follows the binding
of fusions such as fluorescent markers and displays the relative change in sizes of these
fusions produced by degradation. In some cases the target delivery to the autophagosome
could be followed by assessing enzymatic activity [13; 90], with a focus gaining on the
labelling of target molecules to be followed as new forms of selective autophagy is reported.
Figure 2.21: Approaches for monitoring autophagy. 1) Tracing key molecules in the
pathway like LC3 for example 2) Continually sensing reports on the target material in
the environment of the biosensor [91]
2.2.4.1 Fluorescence-based biosensors for monitoring live autophagy in cells
The measuring and monitoring of autophagy flux in live cells, organs and tissues has
spiked an interest in researchers and is resulting in fast technological advancement to-
wards developing a high level measuring system. Recent development has shown success
in the monitoring of autophagy in a living organism but the measurement for a specific
form and application thereof is not yet available [13].
Research-based biosensors for the detection of autophagic flux within a living organism
has been developed and is discussed in the next two sections. The monitoring is executed
by means of fluorescent markers to determine the autophagic pathways as these markers
emit light detectable through certain microscopy techniques. The first method explained
in Section 2.2.4.2 covers the detection of Atg4b (autophagin) and Atg8 (LC3), key proteins
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relating to the activation of specific processes in autophagy, and the second discussed in
Section 2.2.4.3 operates by directly labelling autophagic cargo such as the cell nucleus.
2.2.4.2 LC3
Fluorescent microscopy reveals as autophagy is initiated the LC3-I protein with a green
fluorescent protein (GFP) tag gets converting to LC3-II with the emitting fluorescent
puncta relating to the formation of the phagophore, with the total puncta accumulated
as the measure of the degree of the autophagic process [92; 13]. The autophagosome fuses
with a lysosome which is the degradative organelle. Just before fusion with the degrada-
tive lysosome the autophagin removes GFP-LC3 from the surface of the autophagosome,
with GFP-LC3 still at the inside of the membrane emitting fluorescence up until au-
tophagolysosome degradation.
The accumulation of fluorescent puncta is graphically displayed, and to determine au-
tophagic flux each fluorescent emitter needs to be accounted for. This is extremely time
consuming and without the proper expertise an accurate interpretation is not possible.
A method called fluorescence activated cell sorting (FACS) isa method used to analyse
fluorescence over on a time dependant manner enabling the monitoring of autophagy in
living organisms [93].
To enable the environment of the modification probe to be monitored a method re-
ported in literature is deployed where a red fluorescent protein (mRFP) and a green
fluorescent protein (EGFP) is fused to LC3 in parallel [94; 13]. The characteristics of
the fluorescent proteins differs by emission as the pH changes, with the green fluorescent
protein mostly suppressed and the red highly emitting because of the acidity of the lyso-
some lumen. The tandem fusion called tfLC3, now exhibits the estimation of autophagy
induction as well as flux through its compartments without the need of chemical inhibitors
and inducers [94].
2.2.4.3 Rosella: A Biosensor for Selective Autophagy
As interest is peaking among researchers about the understanding of the different selective
forms of autophagy and the rate at which cargo degrades, and more approaches are exten-
sively studied to monitor this process and looking at individual cargo that may provide in
depth detail on the behaviour of this process [95; 96]. Existing methods of estimating au-
tophagy flux as discussed in Section 2.2.4.2 requires the probing of the autophagic process
in combination to various steps to extract information on a certain phase in the autophagy
pathway, but a different approach can reveal the exact delivery of the target molecules
to the lysosome as in Figure 2.21. A genetically encoded dual colour-emission biosensor
called Rosella, fuses a fast-maturing variant of the red fluorescent protein DsRed.T3, with
a green fluorescent protein, pHluorin, which are both pH sensitive variants of these pro-
teins and is shown in Figure 2.22 A [91; 97]. Specifics about the cargo being delivered to
the lysosome is now available and are tied to cellular components or bound to an individ-
ual protein and most crucial, Rosella yields data on the environment of the biosensor as
in Figure 2.22 B [91; 97].
Specific cargo such as mitochondria, cytosol and the nucleus have been proved as
traceable by Rosella and serves as a biosensor for estimating the degradation of autophagy
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in yeast cells [91; 98; 99], through FACS analysis in fluorescent microscopy. The findings
presented by Devenish et al. and Rosada et al. is extended by studying the reorganisation
of the nuclear membrane, and it is proved that the Rosella biosensor can successfully
monitor selective- and non-selective autophagy specifically in mammalian cells.
Figure 2.22: The monitoring of autophagy by using the Rosella biosensor A) A simple
schematic of Rosella B) Shows how Rosella can be used to trace target material and
monitor delivery of the cytosol [91]
2.3 Electrochemical Study
This section covers the theory behind electrochemical methods and the behaviour of elec-
trons as they flow through various chemical compounds. The study distinguishes between
the flow of electrons during an electrochemical reaction and reversely the reactions caused
by electron flow, and explains the electrochemistry taking place on a biosensor. An electro-
chemical biosensor is viewed as an electrochemical cell and described with a mathematical
model, with the behaviour of electrons and their transfer kinetics discussed as it is sub-
jected to voltammetric methods. The theory of cyclic and square wave voltammetry is
also expanded from Section 2.2.2.1 providing more in depth detail on the reactions taking
place.
2.3.1 Electron Kinetics and The Electrochemical Cell
Electrochemistry consists of electrodes dispersed in a ionic conductor with some electrical
characteristics, undergoing a reaction induced by an electrical charge and monitoring the
flow of electrons passing through the conductor. This project focuses on assessing the
electron flow, hence current, passing through an electrolytic medium by means of elec-
trodes namely the working, counter and reference electrode. The reaction between the
electrolyte and the three electrodes is studied and the theory of the effect of subjecting
it to various voltammetric methods.
The electrochemical cell works on the principle of current flowing through the elec-
trolytic medium it is immersed in by means of an applied potential over the cell’s elec-
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trodes, with the behaviour of electron flow depending on the characteristics of the ionic
conductor together with the composition of the electrode materials. Different voltam-
metric methods provide diverse potential characteristics suited for specific applications,
resulting in changing currents which produce valuable information on the detail of the
chemistry inside the reaction and the electrode surfaces. EIS is a voltammetric method
that provides complex detail of an electrochemical cell of which the data could be used
to create a model of the cell as discussed in Section 2.2.2.2. The data gathered by EIS
can indicate a change on the electrode surface interface and yield information on charge
transfer and solution resistance as well as changes in the cell’s capacitance [38]. As the
binding of target molecules take place the characteristics of the cell is changed, and by
fitting the EIS data to an equivalent circuit of the cell the change in resistance and capac-
itance could be monitored. The Randle’s equivalent circuit is a popular equivalent model
of an electrochemical cell and is shown in Figure 2.23.
Figure 2.23: The Randle’s equivalent circuit of a three electrode electrochemical cell
[100]
Both electrodes consist of a parallel circuit with a double layer capacitance CC and CW
that is caused by both the electrode capacitance and and electron charge distributed near
the electrode surface. The electron charge distribution is dependant on the concentration
of the electrolyte, with a higher concentration the result will be more ions in the solution
and impact the current flow as a potential is applied. With more ions in the solution the
electrode voltage would result in greater electrostatic forces causes an increase in electron
flow. The non-faradaic current flows whether or not the redox active species is present
and effectively causes cell capacitance, which is directly proportional to the scan rate
explaining why cyclic voltammetry is ineffective for biosensing characterisation. The cell
capacitance is minimised for biosensors, with the focus on small changes in the current
the non-faradaic current provokes noise into the measurement and is undesirable. RFC
and RFW is the charge transfer resistance and dependant on the concentration of the
electrolytic species, electrode material and applied voltage. It is the resistance of electron
flow caused by the ability of the electrodes to transfer ions to and from the electrolyte
and could be infinite if no redox active species is present. RS1 and RS2 is the measure of
solution conductivity.
In an electrochemical cell consisting of three electrodes where the third is the reference,
electron transfer occurs between the working and counter where the reference is used to
maintain a stable potential and to monitor the voltage on the working electrode placing
it in close proximity. The material of the counter electrode is chosen such that the ions
flowing from the counter to the working electrode does not cause decomposition of the
substance enabling a reaction with the working electrode. The monitoring of the working
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electrode requires a potential independent of the current flowing and is done by adding
the reference electrode that maintains a stable voltage with not current passing through
it, thus the advantage of the three electrode system.
A potentiostatic device is capable of executing controlled experiments by applying
specific potential waveform and monitoring the resulting current produced by the cell, and
is usually capable of a wide range of potentiostatic techniques. The basic configuration
of an electrochemical experiment is shown in Figure 2.24
Figure 2.24: Typical configuration of an electrochemical setup
2.3.2 The Nernst Equation
A voltammetric practical guide written by Elgrishi et al. [101] explains how cyclic voltam-
metry relates to the Nernst equation and can also be found in an electrochemistry textbook
written by Belding et al. [102]. Bard and Faulkner covers how square wave voltamme-
try in another book handling on electrochemical methods [103]. Since the component
of interest when using electrochemical biosensors is the faradaic current, to focus on the
electron transfer the parameters of the voltammetry methods such as scan rate are chosen
to minimise the capacitive non-faradaic currents. The Nernst equation is used to describe
the diffusion rate and state the behaviour of the electron transfer kinetics by,













with E as the electrochemical cell potential, [Ox] is the concentration of the oxidized
form, and [Red] is the concentration of the reduced form, F is Faraday’s constant, R is
the universal gas constant, T is the temperature, E0 the standard potential of the oxidized
and reduced forms at equilibrium, and the total number of electrons. The formal potential
can be experimentally measured and is halfway between the peak reduction and oxidation
potentials, and is only the case for reversible redox couples meaning reduction as well as
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oxidation is possible at the working electrode. For the transfer reaction explaining only
the movement of a single electron the standard potential would be replaced by the formal
potential and the total amount of electrons n, would be replaced by a 1. To calculate the





where Epa refers to the voltage reached relating to the peak anodic current generated as the
result of an oxidation reaction, and reverse the Epc refers to the voltage reached relating to
the peak cathodic current generated as the result of a reduction reaction. Equation (2.7)
shows that it is required for the working electrode to be in close proximity of the redox
active species and and is able to predict change in the species’ concentration as behaviour
of the applied voltage changes which is also true for the reverse. At the initial point of
the experiment where only the oxidised form of the species is present reduction would
occur when the applied voltage is less that the formal potential, oxidation of the reduced
species if it is above the formal potential and lastly no change in concentration with the
applied voltage equal to he formal potential. The voltammogram of the execution of cyclic
voltammetry clearly visualises the reaction and is shown in Figure 2.25 to demonstrate.
Figure 2.25: Voltammograms of the excitation signal (left) and resulting current (right)
of a typical cyclic voltammetry scan [104]
A voltage sweep is performed with successive cycles of this sweep looking like the
triangular waveform produced on the left. A cathodic scan is executed by sweeping the
voltage from a) to d) in the more negative direction and results in the reduction of the
redox active species which is why is it also referred to as the reduction or cathodic current,
and peaks at Epc located at c) relating to its cathodic current ipc. As the scan reaches a
switching potential the sweep is reverse sweeping towards a more positive potential from
d) to g) known as the anodic scan resulting in the oxidation of the species as predicted
by (2.7) with the relating current known as the anodic current, and peaks at Epa located
at f) relating to its anodic current ipa.
When assessing voltammograms a few key things are to be considered namely the
relativeness of the peak currents, the fact that the test does not have to start with the
cathodic scan, the maximum point of the faradaic currents and lastly conventions. When
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looking at the peak currents is is necessary to take into account that the currents do not
start at zero and thus the peaks cannot be measured from zero, but measured relatively
from the signal’s baseline. In Figure 2.25 the dotted lines on the voltammogram on the
right are the two peaks’ baselines and is the result of capacitance in the cell or other redox
potentials in the scan range of the experiment causing non-faradaic current flow. The re-
verse current from d) to g) is also dependent on the switching potential with the baselines
dependent on the scan rate as well as the effective reversibility of the electroactive species.
A perfectly reversable electroactive species which satisfied the Nernst equation can reduce
voltammogram baselines.
The initial potential of the cyclic scan largely depends in which form the electroactive
species is before the experiment starts, and will also the determine the scan direction with
it not always being true that a cathodic initial sweep is possible. If the redox species is
in its oxidised form then it will require the scan to start far positive scanning towards a
negative potential to enable the sweep to reduce the species, and vice versa, if the redox
species is in its reduced form it will require the scan to start far negative scanning towards
a positive potential to enable the sweep to oxidise the species. In some experiments the
species is prepared to contain both the oxidised and reduced species in equal concentra-
tions allowing the system to start in any position and a current will be produced in any
scan direction.
While observing faradaic currents it is clear that a sweep in the negative direction
will result in a reduction of the electroactive species taking place at the working elec-
trode. However, due to the current reaching a diffusion limit it is not possible for it to
increase above or below the reduction and oxidation potentials as the diffusion of the
oxidised species on the electrode surface is diminished as the result to the reduced form’s
build-up. Thus with the rate of diffusion decreasing the current is also decreased from c)
to d) as the excitation signal goes further negative. Lastly the convention when looking
at voltammograms for cyclic voltammetry in this project will be the IUPAC convention
with an example of the voltammogram in Figure 2.6, and the second convention being its
mirror.
There are numerous variables to take into account when performing these experiments,
many of which are uncontrollable and can greatly influence the system. Thus performing
multiple iterations of each experiment is required in order to perfect the test and make
sure the scanned signal is stable. The controllable variables such as supporting electroac-
tive redox species as well as the electrode material are factors that the electrochemical
window depends on and should be predetermined in order to make sure that the combi-
nation of electrode and electrolyte is redox inert. To make sure no external aspects are
influencing the system a background scan is conducted using cyclic voltammetry which
will determine the non-faradaic current in the supporting electrolyte, with factors such
as bubbles on the electrode surface can play a major role. A washing step is performed
with the liquid of use for each experiment before use to remove these bubbles and make
sure the are no external resistance in the redox active species. These are all required
steps before using the electrode setup as a biosensing technique and although CV yield
valuable information about the redox species, a more sensitive and advanced method such
as square wave voltammetry is utilised.
SWV is a well-known technique, falling in the category of pulse voltammetry and is
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capable of picking up small changes on electrode surface by simply evaluating an absolute
value is produces. Similar to CV it also sweeps linearly to and from a potential range but
instead, pulses along this path and "walks" only in one direction. The principle of SWV
as shown in Figure 2.26 is base on a typical square wave superimposed on a staircase
signal.
Figure 2.26: Square wave voltammetry excitation signal [105]
Where ∆Ep is the amplitude of the square wave, ∆Es the step height, tp the pulse
width, and the forward and reverse current sample points denoted by the solid and blank
dots, with the resulting current being the reverse current sample subtracted from the
forward current sample. For SWV each pulse cycle has conditions that are complex causal
functions [103]. There exists links of the electrode surface between the mechanisms as well
as kinetics making them depend on previous cycles, making it increasingly more complex
to theoretically calculate the peak current response due to the diffusion layer close to the
electrode not being renewed at the start of each measurement. When calculating the peak









with the differential peak current as ∆ip, Faraday’s constant as F , the surface area of
the working electrode as A, the oxidised species’ diffusivity as DO, the oxidised species’
concentration as CO, the pulse width tp, and ∆ a dimensionless constant. The amounts
of electrons transferred due to square wave voltammetry parameters relates to the dimen-
sionless constant ∆ and due to removing capacitive currents the method becomes more
responsive than CV, and is its primary advantage. Looking at (2.9) it is clear that the
faradaic current decays at a rate that is inversely proportional to the square root of time
whereas the non-faradaic capacitive currents decays exponentially which is the result of
sampling the current at the end of the pulse [44].
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2.4 Potentiostatic Devices
A potentiostat is an electrical device capable of performing complex electrochemical tech-
niques by using different signal excitation methods and applying them onto electrochem-
ical cells via three electrodes. Typical potentiostats that are used to characterize and
analyse electrochemical cells as well as biosensors are usually bench top systems of high
functionality capable of performing a myriad different experimental methods. They are
extremely expensive making them illogical to use for biosensor testing and characterisation
as they are confined to specialised laboratories and usually requires a high level of exper-
tise to operate. Electrochemical biosensing is becoming more popular which led to more
portable and affordable potentiostatic devices been developed to overcome these problems,
where this section will discuss the various available commercial as well as research based
potentiostat devices for electrochemical and biosensing applications. Three commercial
potentiostats are reviewed namely the Palmsens 4, the Gamry Interface 1010T and the
910 PStat mini, and are all from companies that specialise in electrochemical instrumen-
tation, as well as three research based devices called the Dstat [106], dual-microprocessor
potentiostat [107], and Universal Wireless Electrochemical Detector (UWED) [108].
2.4.1 Principle of Operation
The fundamental operation of a potentiostat is that after applying a very specific excita-
tion waveform the resulting current can be accurately measured and the applied potential
accurately monitored relative to a stable and fixed potential. In the basic two electrode
configuration as shown in Figure 2.27 A) the current that flows through the working elec-
trode is measured while the potential is monitored over the working and counter electrode.
In A) the cell is not subdivided and the experiment considers the whole cell whereas the
point of interest lies only at the reaction on the working electrode and thus adds variables
that might contaminate the results [109]. The problem this creates is not only added
factors to the equation of this experiment, but results in poor potential control of the
working electrode as the current passing through the counter electrode [103] causes a
very volatile reference point of measuring the working electrode potential thus leading to
inadequate interfacial potential control during the execution of the specified waveform.
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Figure 2.27: A typical model of an arbitrary electrochemical cell in two different
configurations A) represents the cell in a two electrode configuration and B) shows the
configuration of a three electrode cell featuring an added reference electrode.
To overcome the problem of insufficient potential control, the counter electrode is split
into two so that there exists an electrode designated for the monitoring of the applied
potential. This electrode is known as the reference electrode and due to its role as reference
point for aiding in the monitoring of the applied potential it requires to be extremely
stable and fixed at a known value. The working electrode is also kept at a fixed and known
potential and with the changing current flowing from the counter to the working electrode
the potential over the reference and working electrode can be closely controlled, creating a
half-cell and ultimately removing one half by means of the potential control which places
focus on the working electrode. The potential control results in the potentiostat applying
a specific potential on the counter electrode with the final potential measured across the
reference and working electrodes to be exactly that requested by the user. The reference
electrode is implemented as such the no current can flow through it making sure that
there is no uncompensated potential difference over Zu, and allows the counter electrode
to supply enough current to compensate for the voltage drop across Zc which takes into
account the solution resistance as well as the reaction at the half-cell. Figure 2.28 shows
the potentiostatic model of an electrical equivalent circuit with the electrochemical cell
connected to it. The potential of the cell will be the working versus the reference electrode
potential, and assuming this configuration to be true in the this project the resulting
current flows into the working electrode [110].
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Figure 2.28: Simplified potentiostatic electrical equivalent circuit in a three electrode
configuration
With he amplifier adding a gain factor to the difference of the input terminals with,
Vo = A(V+ − V−)
= A(Vi − Vr)
(2.10)
with the output of the amplifier denoted as Vo and the gain factor known as A, with no
current flowing through the reference electrode due to its almost infinite input resistance.










with the cell current as Icell , the uncompensated and compensated impedance as Zu and











where the feedback signal is denoted as β. Taking (2.10) and (2.13) in combination gives,
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Vr = βA(Vi − Vr)












with the gain A large enough to discard the one and (2.14) simplifying to
Vr = Vi (2.15)
proving that the control amplifier operates to maintain the voltage over to working and
reference electrode, having it be equal to the input voltage. Figure 2.29 shows an extended
version of the circuit in Figure 2.28 featuring a current sensing circuit to convert the
current flow to a relating measurable voltage produced over Rf . The working electrode
is kept at ground so that,




with the cell voltage as Vcell, potential at the working electrode Vw, potential at the
reference electrode Vr, and the applied voltage waveform as Vi. The current is then
measured to be,





where Icell is the current flowing through the cell, Rf the feedback resister and Vout the
voltage generated by the I-V converter and measured over the feedback resistor.
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Figure 2.29: Extended simplified potentiostatic electrical equivalent circuit in a three
electrode configuration with I-V converter
There are many different configurations of the circuitry that makes up a potentiostat,
with each class yielding different ways of controlling the voltage across the electrodes.
Each configuration is built to utilise a specific advantage but as more focus is put an a
certain area other areas experience drawbacks which is the trade-off of analogue design,
and is done by varying circuitry parameters and requirements. The purpose of a potentio-
stat is to control reactions taking place in an electrochemical cell which is possible due to
electroactive species present in the solution, and is done by carefully controlling the cell
voltage Vcell, forcing the electrochemical cell to undergo certain reactions and monitoring
the electron charge transfer as a result of these reactions.
2.4.2 Commercial Potentiostatic Devices
Apart from the electrochemical cell in Figure 2.29 the circuitry forms part of a bigger
system which is to be the potentiostat. Different potentiostats have different trade-offs
with this section discussing the specifications of 5 potentiostats, where a comparison will
be made based on their technical specifications and product reviews. Due to the nature
of the experiments performed of this project the technical specifications does not have a
great influence thus the main focus is placed on the cost of these systems. The devices
chosen are the Palmsens 4 [111], Gamry Interface 1010T [112], PGSTAT 101 [113], µSTAT
200 [114], and the Dropstat [115].
A comparison is made by drawing up tables to summarise and compare their technical
specifications where Table 2.1 refers to the voltage specifications of the device and Table
2.2 the current specifications.
After considering these tables it is concluded that the PGSTAT101 has the best volt-
age resolution throughout the devices, as well are the widest voltage range which is similar
to that of the Palmsens 4, and is also the most accurate. A great advantage of the Gamry
Interface 1010T is that it is capable of handling multichannel experiments enabling the
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±5V , ±10V , ±1mV offset 12.5V , 50V ,
±0.1% 200V
Gamry Interface 1010T
±0.4V , ±1.6V , ±1mV 75V
±6.4V ±0.2% of setting
PGSTAT 101 ±10V ±0.2% 3µV
µSTAT 200 ±2V 0.1% 1mV
Dropstat ±2V unavailable 1mV





100pA to 10mA 0.1% 0.0006%,
(9 range settings) ±0.1% 5fA for 100pA
Gamry Interface 1010T
±100mA ±5pA ±5pA
(6 range settings) ±0.3% of setting ±0.3% of setting
PGSTAT 101
10nA to 10mA ±0.2% 0.0006%
of range setting
µSTAT 200
1nA to 100µA unavailable 0.1%
(6 range settings)
Dropstat ±200µA unavailable 0.1%
Table 2.2: Table containing commercial potentiostats current characteristics
device to handle seamless data acquisition. The Palmsens 4 and the PGSTAT101 have
the best potential ranges and the Dropsens devices are not well documented and features
potential ranges 5 times less than its closest competitors.
The µStat is documented to be the most sensitive for measuring current. The Plam-
sens 4 is more accurate but the PGSTAT101 claims to have the best resolution. Most of
these devices have their accuracy based on a specific current setting range where the cur-
rent sensing circuitry is a determining factor, and is the ballpark current range is knoen
the device can be focused on that range for a specific application. The more current
ranges it is capable of the more functionality is has and is capable of handing more di-
verse experiments, with the Palmsens 4 at 9 current ranges. Changing the current range
inherently switches between different current sensing resistors with the accuracy and res-
olution dependent on the technical specifications of the multiplexor circuit.
Most potentiostats are benchtop devices and are for use in specialised laboratory
environments, and are usually not very portable. The consideration of weight and size
is more applicable when looking at handheld devices which contains an internal battery
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for the purpose o being portable. The Dropstat is a handheld device and the effect of its
trade-offs can be witnessed in its specifications. However, the Palmsens 4 is not necessarily
handheld but made portable with an internal battery, has Bluetooth functionality capable
of executing experiments by smartphone and lastly, tops all devices in most specification
categories. It weighs 500 grams which is relatively light to the devices in competition like
the Interface 1010T at 2 kg, and the PGSTAT101 at 2.1 kg, and taking all into account
it results in the best device in consideration.
2.4.3 Research Based Potentiostatic Devices
This section discusses the various potentiostatic devices developed for research purposes.
The typical schematic is shown in Figure 2.30 as an extension to Figure 2.29 with the main
components that makes up a potentiostat shown namely the input signal passing through
a control amplifier to regulate the cell potential, a current sensing circuit to convert the
cell current into a measurable format followed by a current coltage measurement.
Figure 2.30: Simplified schematic of a typical potentiostat [116]
Figure 2.30 is only a basic representation of the fundamental components of a po-
tentiostat with the accuracy, stability, resolutions and reliability of the measurements
dependent on the more intricate details inside the components and is expressed in com-
plex circuitry. The analogue circuitry handles the input and measured signals with the
control and implementation executed by microcontrollers either communicating with per-
sonal computers or using its own built-in operation systems. The resolution of the system
is largely dependent on the ability of the microcontrollers to generate analogue signals,
hence the DAC’s (digital to analogue converter) resolution and the measurement resolu-
tion dependent on the bit specification or the microcontroller’s ADC’s (analogue to digital
converter). Advances in one aspect results in trade-offs in other with the following section
considering 5 different research based potentiostats.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. LITERATURE STUDY 42
Dual Microprocessor Potentiostat
Huang et al. (2015) [107] reported in literature the development of a potentiostatic device
utilising two different microprocessors to study the signal processing capabilities thereof.
The processors worked in parallel and was used in conjunction with multiplexing resistors
to select a current sensing range, with the one processor assigned for measuring and
processing measurements and the other to generate the required excitation waveforms.
Figure 2.31 shows the schematic circuit representation of this device.
Figure 2.31: Circuit diagram of a portable potentiostat using dual microprocessors [107]
Literature reported the developed device to have resulting specifications such as: A
potential range of ±1.6 V with a resolution of 1 mV at a scan rate of 5 mV/s, and a current
range from 16 to 160 mA at a resolution of 8 µA and 80 pA. All ADC’s and DAC’s have
a 12-bit resolution using the C8051F005 microcontrollers with acceptable results when in
comparison with commercial potentiostats.
Point-of-need Potentiostat
A research group in South Africa developed a potentiostatic device reported by Bezuiden-
hout et al. [117] by utilising an LMP91000 sensor by Texas Instruments [118]. The device
operates by means of a voltage regulator controlling the upper and lower voltage range
implemented by a microcontroller. The group utilised an Arduino Uno for control of the
applied potential by taking the internal voltage supply of 5 V and using it as the source
to set the reference voltage, making the device limited to a maximum potential range
of 5 V up and down. To test the standard of the device its performance was compared
to commercial potentiostats after executing experiments in 5 mM ferricyanide by means
of cyclic voltammetry with 0.1 M KCl. The performance reference was based on the
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. LITERATURE STUDY 43
repeatability of tests and analysing the average and standard deviation of 3 scan cycles
using electrodes from Dropsens.
The group from the University of Pretoria developed the device with the LMP91000
sensor as the key component, being perfect for the application of a potentiostatic device
due to its programmable analogue frontend. The accuracy of the device’s current speci-
fications is unknown as it is not well documented but features a current range from 5 to
750 µA and an applied potential resolution of 2%.
CheapStat
The main goal for the development of this potentiostat is to be cost effective, hence the
name CheapStat by Rowe et al. [119], and comes from the motivation of being able to
supply financially disadvantaged and underprivileged communities with a potentiostat for
educational purposes. The hardware and software design was released as open source with
the operation of various techniques such as cyclic, square wave and linear voltammetry
tested. The confirmation of the device’s functionality was done by analysing the response
of cyclic voltammetry in an electrochemical setup using ferricyanide, as well as looking
at its performance towards detecting the change in DNA sequence by means of square
wave voltammetry. The microcontroller using for the device utilises an Atmel XMEGA
featuring built-in ADC’ and DAC’s and the operational amplifiers best suited for this
application was chosen due to their low input bias current and is the TLC2262CP by
Texas Instruments. Using the same sensing resistor the specifications were documented
with a current range of 100 nA tp 50 µA, with an applied potential range of -990 mV with
a generated wave in the frequency range from 1 to 1000 Hz. The device is controlled by
a personal computer with communication via the universal serial bus and weighs a total
of 115 g.
Literature reports the device to function as expected after extensive testing was done
but the accuracy and resolution of the system is not documented. The device was easily
fabricated and a success towards a cheaply built potentiostat but would required some
technological expertise for setup and is not very user friendly as a trade-off.
DStat
A potentiostat was developed by Dryden et al. [106] called the DStat with the motivation
behind it towards building a user friendly device that doesn’t require a high level of
expertise and and bridging the gap of the knowledge in potentiostatic operation. The
performance of the device was compared to that of the CheapStat with is achieving
exceptional applied voltage resolution at the input as a result of a 16 bit DAC for wave
generation with a 46 µV resolution. Via simulation and experimentation it was confirmed
that the ADC’s limitation is due to the signal step size and the system noise is thus
negligible. Figure 2.32 shows the calculated standard deviation noise amplitudes of the
system during testing while increasing the current to voltage gain, clearly justifying the
16 bit DAC’s and ADC’s.
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Figure 2.32: Graph showing DStat input noise amplitudes [106]
Towards the development of this device the circuitry was simulated to evaluate applied
potential and output current errors and resulted in 1 nV and 50 fA. The control of the
system is executed by an ATxmega256A3U microcontroller and is responsible for com-
munication between the computer and the device where the device send measured data
to the computer for analysis. The operational amplifiers was chosen by means of a large
bandwidth, large open loop gain, low inut bias current and least noise, and the LMP7721
and LMP7702 were chosen where the latter was used for controlling the potential over the
reference electrode as well as the feedback buffer, and the prior for the transimpedance
amplifier.
UWED
Ainla et al. [108] developed the Universal Wireless Electrochemical Detector (UWED) to
enable the usage of electrochemical tests in remote areas making portability a key require-
ment. Thus the system needed to be handheld, containing a battery and communicating
with a smartphone via BLE (Bluetooth Low Energy) and works with an app where data
is transmitted to for processing and analysis. The data is uploaded to a cloud server
capable of processing the data. The device works by setting up a certain protocol and
flashing the device with the supporting software. The drawback is that the supporting
software for different protocols must be flashed first before a different protocol can be
executed, limiting the device’s capabilities if not in an environment where a new protocol
could be uploaded. Figure 2.33 shows the setup and basic operation of the UWED.
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Figure 2.33: Image showing the experimental setup of the UWED [108]
The reported specifications of the device are documented to have a current range of 180
µA and voltage range of -1.5 V, using an Arduino microcontoller with a 10 bit analogue to
digital converter. The noise is reported to be in the vicinity of 27 to 47 µV, the waveform
generated by the digital to analogue converter was filtered for noise suppression, and all
software and hardware design released as open source.
2.4.3.1 Conclusions
Upon review of the literature the highest influential aspect when considering potentio-
static devices as well as the key motivation towards making a conclusion, is the cost of the
device. It is expected and clear that the commercial devices outperform the research based
devices and is the result of a trade-off between cost versus performance. The research
based devices were not well characterised and their specification not as well documented
as that of the commercial devices making the comparison of accuracy and resolution much
easier when data sheets are provided.
Potentiostats built in-house lack an accurate reliability test, for example when the
response of a potentiostat is tested by making used of a dummy cell for cell calibration.
The working understanding of potentiostats are explored with literature adding to the
knowledge of the requirements and dynamics of these devices, but is required that the
current sensing and applied waveform capabilities still be validated before integration.
2.5 Project Aims and Objectives
The main goal of this project is to prove that an electrochemical immunosensor is ca-
pable of detecting an autophagy related specific protein, LC3, towards the estimation of
autophagy flux. The methods proposed are described below:
Sensor proof of concept
1. Acquire carbon nanofibre screen printed electrodes from Dropsens towards a sensor
for proof of concept;
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2. The modification of the working electrode for enabling antibody immobilisation by
means of electrografting;
3. The activation of support groups created by electrografting through EDC/NHS
crosslinking chemistry for the attachment of LC3 antibodies;
4. Electrochemical testing using the Palmsens 4 to execute square wave voltammetry
for diagnosis;
5. Development of a data analysis algorithm for accurate signal processing and peak
extraction.
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Methodology
This chapter discusses the designing process of a 3-electrode electrochemical biosensor for
protein detection towards autophagy flux. A commercially manufactured screen printed
electrode was modified for the detection of LC3-II. The methods of modification on the
working electrode is explained such as sensor characterisation, electrografting and finally
antibody crosslinking. Lastly a software algorithm was developed for accurate analysis of
the voltammogram.
3.1 Biosensor Development
The modification process is described in this section for creating a functional biosensor
and explains the experimental methods towards the characterisation of the unmodified
commercial screen printed electrodes. The sequential steps for the process are as follows:
the determination of the electrochemical window of the unmodified electrodes, the char-
acterisation of the electrodes in ferricyanide redox couple with square wave voltammetry,
an unmodified electrode reproducibility study, electrochemical reduction of the working
electrode with diazonium salt, antibody crosslinking activation through the EDC/NHS
protocol, and finally the attachment of LC3-II antibodies unto the working electrode.
The Palmsense 4 potentiostat was used for all electrochemical measurements done
on the sensors. All square wave voltammetry measurements was executed in 100 µl of
the suitable solution with the potentiostatic parameters as follows: 20 mV pulse size, 5
mV step size, 25 Hz and a 2 second equilibrium time. The potential range was varied
for different experiments and are stated in text for each measurement, but all other pa-
rameters were set to be similar to that reported in literature[120; 121]. The time the
electrochemical cell is held at the initial potential before the scan starts is known as
the equilibrium time and is necessary for the migration of ions and the cell reaction to
reach equilibrium before the scan starts and after the initial potential is applied. 5 mM
Fe(CN)3−/4−6 in PBS(1X, pH 7.4) was used to form the ferricyanide redox couple. Due to
the nature of some experiments the pH of the redox couple was changed but is stated in
the text of those instances. A summary of the modification process is shown in Figure 3.1.
A diazonium salt mixture was used to electrograft the unmodified sensors through
cyclic voltammetry with the purpose of creating functional carboxyl groups on the working
electrode surface. The EDC/NHS protocol for crosslinking chemistry is then used for the
activation of these functional groups. Subsequent to the activation procedure the LC3-II
47
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LC3-II Full scale test
2 mM 4-aminobenzoic acid
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0.2 to -0.6 V @ 100 mV/s
Wash with deionized water
40 mM EDC, 10 mM NHS in 0.5 M 
NaCl and 0.1 M MES buffer, pH 5.5
Activation buffer 




Incubate 10 ug/ml LC3-II 
antibody for 14 hr @ 4oC
Wash with PBS
Incubate with BSA (0.1% 
w/v in PBS) for 30 min
Figure 3.1: Overview of the modification process on a screen printed electrode for
LC3-II detection
antibodies are incubated at 4◦C overnight in order for the antibodies to attach to the
activated functional groups. After BSA is used in the next step as a blocking mechanism
where activated carboxyl groups are still available, the LC3-II immunosensor is finished.
3.1.1 Electrochemical Window Characterisation
Different aspects of the electrochemical setup is determined by studying the electrochem-
ical window of the unmodified electrodes. The first is to verify that the redox couple can
be accommodated by making sure the electrochemical window of the electrolyte is large
enough. Next is to determine and verify that the formal potential of the redox couple
is in the range that covers the redox peak generated by the square wave voltammetry
experiment, and lastly to make sure that no other redox couple other than ferricyanide is
present within the studied potential window. Three sensors were used for this experiment
to verify the stability of these tests.
A new batch of ferricyanide redox couple was preconditioned following the method
described in appendix A.1. To prevent bubbles from forming on the surface of the elec-
trodes the solution for the specific test was used to wet the surface three times before the
actual test was executed. This was done by using a pipette and the solution was removed
by slightly tilting the sensor sideways enabling the solution to roll off. This method also
removes any impurities that might have formed on the electrode surface, and in any other
instance in the text the method of wetting refers to the above.
A cyclic voltammetry sweep from 1 to -0.6 V at a scan rate of 100 mV/s was per-
formed to determine the electrochemical window of PBS. The oxidation and reduction
potentials of the ferricyanide redox couple as reported in literature [121; 122; 123] were
used to choose the limits to be well positive and negative. A cyclic voltammetry sweep
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from 0.7 to -0.5 V at a scan rate of 100 mV/s was performed in the ferricyanide redox
couple and again the oxidation and reduction potentials was chosen to be just outside
that reported in literature. The potential window of both ferricyanide and PBS was stud-
ied and assessed through the voltammogram. The two results were then compared and
the oxidation and reduction potential were determined, the method is shown in Figure 3.2.
Electrochemical potential 
window
Determine oxidation and 
reduction potentials
PBS Ferricyanide redox 
couple
CV: 1 V to -0.6 V @ 
100mV/s
CV: 0.7 V to -0.5 V @ 
100mV/s
Compare
Figure 3.2: Method used for determining the oxidation and reduction potentials of the
ferricyanide redox couple and the electrochemical window of PBS
The formal potentials of the setup was then determined by making use of (2.8) and
plugging the oxidation and reduction potentials of the ferricyanide redox couple.
3.1.2 Unmodified Sensor Characterisation using Square Wave
Voltammetry
New, unused carbon nanofibre sensors were used in order to select an adequate potential
range for the ferricyanide redox couple so that the voltammograms can achieve a well
define redox peak. The formal potentials of the ferricyanide redox couple as identified in
the cyclic voltammetry scans in Section 3.1.1 were used to choose the scanned range to
be well positive and negative with the potential range from 1 to -1 V. Three sensors were
used to make sure of the stability and reproducibility of these tests.
Deionized water was used to perform the first test. With deionized water being the
solvent in PBS this test is necessary to assess possible peaks produced within the scanned
range. Next the contribution of PBS to the current response was evaluated by taking
another unused, unmodified sensor. This is necessary for data analysis purposes where
the scan in PBS with serve as a background scan to be subtracted from the scan performed
in ferricyanide redox couple with more in depth discussion in Section 3.3. The final test
was done in ferricyanide redox couple by performing a square wave voltammetry scan to
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verify that the formal potentials as identified in Section 3.1.1 is close to the redox peak
produced by the experiment. The method is shown in 3.3.
Background subtraction scan
Redox peak potential range 
scan
PBS Ferricyanide redox 
couple
SWV: 1 V to -1 V, 5 mV 
step, 20 mV pulse, 25 Hz
Identify redox peaks in solvent
Deionized water
Figure 3.3: Method to identify formal potential range of square wave voltammery scans
The range where the voltammogram produces a well defined redox peak was used in
order to determine the appropriate scan range for all future square wave voltammetry
tests.
3.1.3 Unmodified Sensor Reproducibility
The reproducibility of the unmodified screen printed electrodes refers to each electrode
reacting the same to yield the same test results when performing an experiment. It
will verify that the commercial sensors are stable and more importantly, define the best
method for comparing each phase throughout the modification steps. If the sensors are
exactly reproducible then only one baseline scan result could be used that is taken before
te modification process and can be used in all subsequent experiments. This will mean
that the step of determining the baseline for each sensor would be removed with the ad-
vantage being to avoid possible contamination. The comparison of each experiment would
then be with a shared baseline predetermined by a single sensor.
In the case where the sensors are not reproducibly then each sensor will need to be
compared to its own baseline that would be determined prior to any experiments. Each
sensor will then produce its own unique peak current where furthermore, the relative
change from the predetermined baseline to the square wave voltammetry scan after each
experiment will be of interest. The disadvantage of this approach is the possibility of
the sensor being contaminated through the execution of extra steps, the degradation of
the electrode surface due to the added time between experiments and degradation while
washing between steps. This method is sub-ideal as it requires extreme care and adds
more variables that increases the complexity of the analysis.
The assessment of the unmodified sensor reproducibility was performed by first prepar-
ing a fresh batch of ferricyanide redox couple and acquiring three new unused carbon
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nanofibre sensors. Each sensor was wetted three times as described in Section 3.1 where-
after 100 µl of the redox couple was pipetted onto the sensors. A total of five tests per
sensor was performed where the redox solution was removed through a slight tilting ac-
tion and the sensor was carefully washed after each square wave voltammetry scan. This
method avoids the build up of ions that could possibly contaminate the next reproducibil-
ity scan and the square wave voltammetry parameters were set to default as discussed in
Section 3.1 with a scan range chosen to be from 0.6 to -0.4 V.
After assessing the results it was decided that a relative change in base current would
be more accurate and that each sensor would be compared to its own baseline.
3.1.4 Electrografting of Diazonium Salt unto Unmodified Sensor
Carboxyl functional groups are required that will function as a supporting platform for
the LC3-II antibodies so binding to the working electrode could be possible. The method
of electrografting is used which creates carboxyl moieties on the working electrode surface
by grafting a diazonium salt solution consisting of 4-aminobenzoic acid molecules. The
method for the preparation of the diazonium salt solution is explained in appendix A.3.
The final solution concentration was chosen to be that reported by literature [121] with
2 mM 4-aminobenzoic acid and 2 mM NaNO2 in 0.5 M HCl as the final diazonium salt
solution. A fresh batch of ferricyanide redox couple was prepared for the validation scans.
A free proton is released from the hydroxyl group in the form of an H atom as the
carboxyl groups dissociate in the solution and the remaining oxygen atom then owns a
negative charge which will repel any negatively charged atom in the area. The ferri-
cyanide molecules are negatively charged and can then be used to evaluate the degree to
which these layers are formed. With more layers forming on the electrode surface more
negatively charged carboxylic groups will be present causing a higher repulsion of the
negatively charged redox probe. In turn this means that for each added layer the current
response will have a lower redox peak. Logically more carboxylic groups is desirable due
to more surface area for antibodies to bind, but as discussed more layers would reduce
sensor sensitivity thus the optimal grafting cycles needs to be determined. To determine
the number of optimal cycles three new unused carbon nanofibre sensors were acquired
to perform scans of 1, 4 and 8 grafting cycles. A cycles is the grafting process of a cyclic
voltammetry scan from 0.2 to -0.6 V and back to 0.2 V. The process of electrografting
and baseline comparison is shown in Figure 3.4.
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CV: 0.2 to -0.6 V @ 
100 mV/s
COMPARE
SWV: 0.5 to -0.4 V, 5 mV 
step, 20 mV pulse, 25 Hz
SWV: 0.5 to -0.4 V, 5 mV 
step, 20 mV pulse, 25 Hz
Figure 3.4: Method for electrografting with diazonium salt and verification. 1) Three
square wave voltammetry scans were performed to obtain an average peak current. 2)
The three sensors were scanned 1, 4 and 8 cycles respectively. 3) Again three SWV
scans were performed to obtain an average peak current post modification. 4) Redox
peaks generated in ferricyanide were compared.
In order to assess the effects of the grafting process and to determine an optimal num-
ber of grafting cycles a square wave voltammetry baseline scan was taken before and after
the electrochemical reduction process. Each sensor was thus scanned in ferricyanide redox
couple three times before grafting and three times after to retrieve an average peak redox
current to assess the reduction in sensor sensitivity. The shape of each cyclic voltam-
metry scan could also indicate as the electrode surface approaches saturation. After the
first baseline scan the sensors was washed in deionized water and left to air dry at room
temperature before proceeding to the electrografting process. The sensor was washed by
pipetting the sensor with water and holding it tilted allowing the water to freely roll off.
After the sensor has dried a 100 µl of diazonium salt solution is pipetted onto the sensor
covering the electrode area. A cyclic sweep is performed from 0.2 to -0.6 V and back to
0.2 V at a scan rate of 100 mV/s. After each sensor has completed its respective scans the
sensor was again washed by drenching it with water using a pipette and having it air dry
at room temperature. A final square wave voltammetry scan was performed in the redox
probe to determine the redox peak after grafting and the peak results and cycle shapes
were compared. Figure 3.5 shows how the working electrode changes as the modification
step is applied.
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Hydroxyl group Carboxyl group
Figure 3.5: Diagram showing functional carboxyl groups on the surface of the working
electrode
The diazonium salt molecules are now sticking from the carbon nanofibres and sur-
rounds the carboxyl and hydroxyl groups. The number of cycles chosen based on these
results was the number of cycles used for sensor modification in the future and is chosen
to be the optimal number of cycle when performing the full scale tests.
3.1.5 Antibody Crosslinking
An immunosensor makes use of antibodies attached to the modified screen printed work-
ing electrode to capture a target specific protein. This section describes the procedure of
protocols and steps used to covalently bind antibodies to the electrode surface by means
of EDC/NHS crosslinking chemistry for the capturing of LC3 protein in a solution.
When considering the attachment of antibodies two key decisions are to be made
regarding the incubation that is to say the duration, as well as the concentration of an-
tibody incubation. The values chosen in literature differ depending on the application
and method of crosslinking and vary between 100 ng/ml and 100 µl/ml, with ELISA kits
mostly using a concentration of 2 µl/ml [43; 84; 124]. The study by Eissa et al. in 2017
where the efficiency of different carbon based sensors for the detection of SMN protein
was explored, a concentration of 10 ug/ml was used [43], and is close to that commonly
used by an ELISA kit which is a good standard for comparison regarding immunosensors.
The incubation time also varies considerably where some incubated for 30 minutes and
others overnight reported in literature with similar application [43; 124; 125; 126]. Longer
incubation times will not have an external, unaccounted for influence on the efficiency of
the sensor but most important that enough time is allowed for antibodies to attach and
bind. Thus a concentration of 25 ug/ml of the antibody solution and an incubation time
of 4 hours was chosen. The antibodies bind with an exponential decay and is assumed that
the bindings taken place after 4 hours to have no noticeable effect, with the concentration
ensuring enough antibodies to be present for LC3 capture. The antibodies were prepared
by taking 15 ul anti-LC3 at 1 mg/ml in a vial and adding 585 µl of PBS resulting in an
antibody solution of 600 µl anti-LC3 at 25 ug/ml. The antibody solution was then stored
at -20◦C while preparing for immobilisation. Appendix A.4 describes the procedure of
preparation for the EDC/NHS crosslinking chemistry solution resulting in 40 mM EDC
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and 10 mM sulfo-NHS in 0.1 M MES buffer with 0.5 M NaCl, with the concentrations
chosen to be in the vicinity of that reported in literature [34; 43; 53; 127]. The antibody
crosslinking solution, the activation buffer, is chosen to have a pH of 5.5 which is optimal
according to the protocol by Thermofisher which reports the reaction to be most efficient
between a pH of 5 and 6 , with the final solution volume to be 7.5 ml.
One full scale test was executed to test the working of the immunosensor where all
solutions for electrografting and crosslinking was prepared in-situ as well as the antibody
dilutions. A full scale test consists of the modification process of electrografting, the ac-
tivation of the carboxyl moieties through EDC/NHS crosslinking chemistry and all the
way to the final voltammetry scans after LC3 antibody immobilisation. The final elec-
trochemical testing procedure is further explained in Section 3.2 with the immobilisation
strategy explained next.
The full scale test made use of 18 carbon nanofibre screen printed electrode sensors for
validation of antibody bindings at different antibody concentrations, and the testing of
the immunosensor with different concentrations of LC3 protein. All sensors were modified
using the method described in Section 3.1.4 and electrografted for 3 cycles whereafter they
were washed with de-ionized water and left to air dry. The validation of electrografting is
done in Section 3.1.4 and is assumed that the sensors are all successfully electrografted,
thus no square wave voltammetry scans were executed on these sensors to avoid contam-
ination and degradation of the electrodes. Furthermore, for linker activation 30 µl of the
activation buffer were pipetted onto the working electrode of each individual sensor and
incubated for 1 hour at room temperature in a water saturated environment. The water
saturated environment prevents the activation buffer from evaporating allowing the water
to evaporate first, and is as simple as placing a container in a layer of water and placing
the sensors in the container. Figure 3.6 displays how the linker activation enables the
carboxyl moieties to form amine-reactive sulfo- NHS esters on the CNF electrode sur-
face. o-Acylisourea which is an unstable intermediate is formed as the carboxyl group
couples with the EDC molecule, whereafter the coupling of the sulfo-NHS to this inter-
mediate occurs to better the reaction efficiency and allow dry-stable amine-reactive esters.
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Figure 3.6: Diagram of the amine-reactive sulfo-NHS ester created by the activation
buffer
Prior to antibody incubation the working electrode was washed three times with PBS
in order to ensure none of the activation buffer is present as well as to raise the pH of
the environment to 7.4. The EDC/NHS crosslinking protocol postulates that the amine-
reactive sulfo-NHS ester environment have pH between 7.1 and 7.5 for reaction with
the antibody. For antibody immobilisation a volume of 30 µl antibodies at 25 ug/ml
was placed onto the working electrode and incubated for 4 hours in a water saturated
environment. The incubation environment was kept at 4◦C, whereafter the remaining
unbound antibodies was removed by carefully rinsing the electrodes with PBS. To pre-
vent non-specific proteins from binding to the surface and induce noise a blocking step
is performed. The step ensures that there are no more available amine-reactive esters
where binding did not occur and increases the specificity of the immunosensor. This step
requires a 30 µl droplet of tris(hydroxymethyl) aminomethane placed onto the working
electrode and incubated for half an hour at room temperature in a water saturated envi-
ronment. Furthermore, a washing step with TBST is performed to remove any unbound
tris on he sensors and stored at -20◦C where they are ready for LC3 detection. Figure 3.7
shows an illustration of the complete CNF working electrode displaying primary amine
groups on the lysine residues of the LC3 antibody which have formed covalent bonds with
the carboxyl groups, as well as the bound tris filling the remaining active amine esters.
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Figure 3.7: Diagram of the final immunosensor showing bound LC3 antibodies and BSA
The pH of the PBS in which the antibodies was prepared was kept at 7.4, ensuring
the antibodies to be more positively charged in the solution resulting in them to have
an increased attraction to the negatively charged sulfo-NHS ester groups. The isoelectric
point is the pH at which the antibody will have no net charge and is reported to be more
or less 7.5 for the antibody [128], meaning that a pH lower than 7.5 will result in it being
more positively charged. The crosslinking protocol by Thermofisher requires a pH be-
tween 7 and 8 for optimal bindings, thus the pH was not moved below those limits. A 100
µl droplet of PBS was added to the sensors when stored to keep them in a physiological
environment for preservation.
3.1.6 Fluorescent Validation Study
Before the full scale testing procedure was executed for testing the working of the im-
munosensor, a fluorescent study was undergone to confirm the successful binding of anti-
LC3 onto the carbon nanofibre electrodes. The study would also exploit the effects of
square wave voltammetry scans on the antibody bindings, ensure that the antibodies are
not washed off and if these effects are of influence. A secondary antibody able to bind to
a primary rabbit monoclonal antibody (where LC3 falls in this category) is required. A
secondary fluorescent anti-rabbit IgG Alexa Fluor®488 antibody was chosen to be suffi-
cient for binding to the immunosensor surface.
A total of 4 carbon nanofibre sensors were used in the fluorescent study. The first
three was used to analyse the binding of three different anti-LC3 concentrations with
concentrations of 10, 25 and 50 µg/ml respectively, and the last sensor used as control
without any modification to determine any autofluorescence. The modified sensors were
electrografted for three cycles each using the method described in Section 3.1.4 whereafter
they were treated for linker activation via EDC/NHS crosslinking chemistry following the
same antibody attachment procedure described in Section 3.1.5. After the tris blocking
step the sensors were preserved in PBS and kept on ice where they were each retrieved
and scanned with 3 successive square wave voltammetry cycles with parameters 5 mV
step size, 20 mV pulse size and a scan range of 0.5 to -0.4 V at 25 Hz. After carefully
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rinsing off the remainder of ferricyanide with TBST the secondary antibody was attached
and incubated with a 100 µl droplet for 1 hour allowing binding to the primary antibody
to occur. Subsequent to the fluorescent marker incubation the sensors were washed with
TBST and placed onto a microscope slide. Only one unmodified sensor was used as a
control test. The purpose of this test was to analyse the autofluorescence of the carbon
nanofibre material and see if there is any possible fluorescence that the confocal micro-
scope might pick up that could influence the data retrieved when assessing the sensors
with the attached primary and secondary antibodies.
Live cell imaging was performed using a Carl Zeiss (Oberkochen, Germany) confocal
microscope equipped with a humidified chamber at 37◦C supplemented with 5% CO2.
The raw image stacks/series was acquired using a high NA objective (Olympus Plan
APO N 60x/1.42 Oil/0.17/FN26.5) using an Argon multiline laser 25 mW at 488 nm
and Diode 405 nm CW/PS and 633 nm laser as a light source with a GaAsP detector.
Laser power and master gain were chosen for 405 nm (LysoB), 488 nm (GFP), 514 nm
(LysoR) and 633 nm (SiR Tubulin) to ensure an optimal signal/noise ratio with minimal
pixel saturation. Track filters were set as follows; LysoB: 410-471 nm, GFP: 490-597 nm,
LysoR: 566-690 nm and SiR Tubulin: 638-759 nm.The study was limited to only 1 sensor
for each concentration due to a shortage on sensors and was assumed that all other sensors
would react in a similar fashion.
3.2 Electrochemical Immunosensor Measurements
with Palmsense 4
This section describes the process of LC3 protein immobilisation and the procedures for
running the full scale tests on the immunosensor. Figure 3.8 shows the a diagram of the
method used in executing the full scale test.
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Figure 3.8: Method for performing the the electrochemical test for immunosensor
functionality validation
Prior to protein immobilisation the sensors were prepared by first washing them with
PBS and scanned in ferricyanide redox probe to obtain a baseline peak current. 3 Square
wave voltammetry scans were executed to ensure the sensors have a stable response where-
after they were washed with TBST and incubated with LC3 protein for 1 hour. After
incubation the sensors were washed with TBST to remove any unbound proteins and
again scanned in ferricyanide to obtain the resulting peak current after LC3 immobil-
isation. The lab setup is shown in Figure 3.9 with the measurements executed using
the Palmsens 4 and screen printed electrodes from Dropsens held by a DRP-CAC cable
connected to the potentiostat.
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Figure 3.9: Image showing the electrochemical setup. 1) shows a CNF Dropsens sensor
connected to the DRP-CAC cable and 2) shows the Palmsens 4 used for running
experiments
3.2.1 Measurements using Square Wave Voltammetry
To test the response of the immunosensor a wide range with different concentrations of
LC3 proteins are incubated, expecting a linear range of peak current response to use
as calibration. A longer incubation time allows for more protein to be captured by the
antibodies but will reach a point where more time results in little effect, thus an opti-
mal period of protein incubation is to be chosen. A wide range of incubation periods
are reported by literature with times varying from 15 minutes [84; 125], to 30 minutes
[47; 124; 129] to 1 hour [130] for similar immunosensor applications. Eissa et al. [43]
executed an experiment to determine the optimal amount of time required for effective
protein immobilisation experimenting with a range of incubation times from 10 to 50
minutes, resulting in an optimal time of 45 minutes. Due to limited time and electrodes
the experiment could not be reproduced and was decided to use an incubation time of 1
hour allowing enough time for most proteins to bind.
A total of 18 carbon nanofibre immunosensors were used to test a range of 6 differ-
ent concentrations and using 3 sensors per concentration for the full scale test. Multiple
sensors were used per concentration to obtain an average sensor response as well as a
statistical variation for each sensor grouping. The protein dilutions was prepared by first
taking 2 µg of LC3 protein in 20 µl solution buffer resulting in a stock concentration of
100 µg/ml. The solution was further diluted by adding 180 µl of PBS in the vial result-
ing in 200 µl of LC3 at 10 µg/ml which was the highest concentration used for the full
scale test. The solution was further diluted with PBS and placed in a new vial for each
concentration and stored at 4◦C with the dilution procedure described in appendix A.7
whereafter they were labelled to be ready for immobilisation. The experimental setup for
each concentration used is expressed in Table 3.1 for all CNF sensors. Ferricyanide was
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prepared in situ prior to protein immobilisation with SWV parameters 20 mV pulse size,
5 mV step size, 0.5 to -0.2 V, 25 Hz and 2 seconds equilibrium time for electrochemical
experiments with the Palmsens 4.
Grouping Sensors LC3 Concentration
1 1-3 10 ng/ml
2 4-6 100 ng/ml
3 7-9 500 ng/ml
4 10-12 1 μg/ml
5 13-15 5 μg/ml
6 16-18 10 μg/ml
Table 3.1: Experimental setup for LC3 immunosensor full scale test.
First a baseline peak current is established for all sensors before LC3 protein immobil-
isation by executing four consecutive square wave voltammetry scans without interfering
with the redox couple. Following the baseline scans the sensors are carefully washed with
TBST to ensure non of the redox couple is left behind. After the washing step a 30 µl
droplet of LC3 is pipetted onto the sensor for each specific concentration and incubated for
1 hour in water saturated environment. Another TBST washing step is performed to re-
move any unbound LC3 and the sensors stored at 4◦C awaiting its SWV scan. A diagram
to show the binding of LC3 is shown in Figure 3.10 as a result of protein incubation.
Figure 3.10: Diagram of the final immunosensor showing captured LC3 proteins
After protein immobilisation a final square wave voltammetry test is required to de-
termine the change in peak current by performing another four consecutive scans in the
same untouched redox couple. The tests were performed in groupings of the same LC3
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concentration with three sensors per concentration stored in the same water saturated
environment, starting the tests at the lowest (10 ng/ml) and moving up to the highest
(10 µg/ml). The first scan before and after LC3 immobilisation was not as reproducible
as the ones that followed thus a further three scans were performed. The average of the
last three scans were used as a comparable measure by taking the difference of the two
averages. The mean of three different sensors’ percentage change of the averages before
and after immobilisation was plotted on a logarithmic scale versus LC3 protein concen-
tration. The resulting data was used to evaluate the response of the immunosensor with
the standard deviation between of three sensors per concentration also plotted using error
bars.
Prior to the full scale test a validation step was included to evaluate the binding of
antibodies on the working electrode. This was done by incubating 3 different concentra-
tions (10, 25 and 50 µg/ml anti-LC3) and binding a secondary to them for fluorescent
assessment. This was to ensure the SWV scan prior to protein immobilisation does not
wash off any antibodies and to make sure the antibody immobilisation process worked as
expected. The procedure followed for fluorescent assessment is described in Section 3.1.6.
3.3 Data Analysis
Square wave voltammetry in a redox probe produces a peak current which is used as
a comparison to different experiments and is the main determination factor. The raw
data of a voltammogram produced by square wave voltammetry is rendered useless of
not filtered and processed due to certain elements embedded in the signal. System noise
that enters through digital data sampling is the most common of these elements but can
be countered by implementing a simple low pass filter assuming the signal to noise ratio
is not too high. Other elements that also play a major role in the peak analysis of the
electrochemical reaction is the start up current as well as the general trend, resulting in
a method of analysis which will look at relative change instead of absolute values.
Certain algorithms are developed towards the purpose of optimising specific param-
eters and extracting necessary features hidden from the naked eye. Practical examples
of electrochemistry in recent years have produced research in transformation algorithms
with the application and operation of these algorithms to extract information without
losing any important data. The algorithms include specifically digital low pass filters for
curve smoothing and baseline correction. A knowledge of signal processing is necessary
before its application but Section 3.3 explains certain methods used to remove undesir-
able distortion and background data and how the key elements of the curve is extracted
through implementing powerful signal processing techniques.
Data Framing
The start up current can clearly be observed as shown in Figure 3.11. These data points
causes the baseline correction algorithms to draw a faulty baseline due to the change
in minimum or maximum points but has zero effect on the redox peak generated. The
current increases as a potential is applied at the start up of the experiment and reaches
an equilibrium reacting similar to a charging capacitor.
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Figure 3.11: Figure indicating the framed section of the data, the blue data points to be
discarded and the red data points to form the remaining data set
Without having any effect on the desired data the start up current was removed and
framed out as shown in Figure 3.11 in order to determine the signal baseline.
Smoothing Filter
A low pass filter is applied to the data to get rid of any noise that entered the system
and to smooth out the signal. A Savitzky-Golay filter is a widely used filter for signal
smoothing and is the standard for similar experiments due to the focus on preserving the
signal’s original form by employing convolution. This method uses a polynomial function
to approximate the fundamental signal and opposes the approach of a moving average
technique. The smoothing filter exploits the method of a least squares fit by fitting the
curve with a polynomial of a certain degree and focuses on a small frame of specific data
points. After a fit is complete it moves on to a next frame with the same amount of data
points and by this iterates through he curve, each time including the next data point. By
increasing the polynomial order the curve will look more like the original, and likewise
with a polynomial decrease the curved will be more smoothed out.
Professional software created by groups that specialises in electrochemical study such
as Gamry EchemAnalyst, uses a 16 data point frame with a 4th polynomial order and
is the parameters used in the majority of experiments. It was chosen to use the same
parameters for signal smoothing by utilising the scipy package in Python and employing
the filter. Figure 3.12 shows the effect of the applied filter.
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Figure 3.12: Figure showing data before (blue) and after (green) subjection to the
Savitzky-Golay filter
Background Subtraction
Background subtraction is sometimes necessary to get rid of unwanted redox peaks that
can contaminate the data and bares no value, and depending on the solution used can
infiltrate the voltammogram. The solvent used for ferricyanide is PBS, thus 100 µl of PBS
is added onto the sesnor and a square wave voltammetry background scan is done showing
no contribution of the buffer. Performing this experiment with carbon nanofibre sensors
shows the subtraction of the buffer solution current (blue) from the ferricyanide couple
current (green) has zero effect on the measured redox peak and can be seen in Figure 3.13.
Figure 3.13: Resulting background subtraction scan with PBS vs Fe(CN)3−/4−6
All sensors were tested in the same redox couple solution and was assumed that they
would have no unwanted redox peaks. The result of the solution buffer scan is dependent
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on the supporting electrolytic couple, but since the background subtraction shows no clear
effect and the supporting electrolyte remains constant it was assumed safe to remove this
step from future testing.
3.3.1 Baseline Analysis Methods
The relative change of the current generated measured from the signal baseline to the
redox peak is the value that needs to be assessed for analysing the voltammogram. An
amplitude shift is usually present throughout the entire signal and is due to additional
reactions and the sensor’s overall capacitance. In order for the data to be useful these
induced amplitude shifts needs to be compensated for by determining the signal’s baseline
and calculating the relative change of the redox peak. This section describes methods for
extracting the baseline of an electrochemical experiment signal.
3.3.1.1 Inflection Point Baseline Identification
A straightforward method for determining the baseline of a signal is the inflection point
baseline analysis. After applying a smoothing filter as discussed in Section 3.3 the next
step would be to find and identify the inflection points on both sides of the redox peak.
First the peak is located which was assumed to always be in the vicinity of 0.0 to 0.2
V, whereafter the algorithm travels from this point to the left and afterwards also to the
right and calculates the gradient between these points. As the algorithm moves to the
right the inflection point is identified as soon as the selected point has a positive gradient
and likewise, as it moves to the left the inflection point will be at the instance where to
gradient becomes negative. The identified peak and inflection points are shown as dots
in Figure 3.14. The baseline is then drawn as the two inflection points are connected
through a straight line.
Figure 3.14: Computing of Inflection Point Locations [110]
After the baseline is created the baseline data points is subtracted from the filtered
data points which places the inflection point the the y-axis origin. The absolute measured
peak value is now the relative change of current from the baseline to the redox peak.
However, this method is very limited as it can only handle a minimum and maximum of
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2 inflection points and will not work for if the data set has more unwanted peaks or if the
frame taken of the set does not contain at least 2 inflection points. A more automated
algorithm is required for this type of signal processing.
3.3.1.2 Asymmetric Least Squares Baseline Correction
The asymmetric least squares (AsLS) method is a method proposed by Eilers in 2005
which is based on Whittaker smoothing and is not dependent on the number of inflection
points, hence it can generate all square wave voltammetry baselines. A supposed vector
y = y1, y2, ..., yi is defined as i, which is the frequency domain spectral intensities [131].










with ∆2zi = (zi− zi−1)− (zi−1− zi−2) = zi− 2zi−1 + zi−2, i ∈ [1, 2, 3, ...,m], ∆ is a second-
order differential operator[131]. The factor λ is established to adjust the counterweight
between the smoothness and fitness. Lastly, the vector w is characterised as the weights









with (3.2) simplifying to
(W + λD2D)z = Wy (3.3)
with W = diag(w), W is the diagonal matrix for vector w, T identifies as the transpose
of a matrix, and D is the second order differential matrix: Dz = ∆2z.
Generally, a lighter smoothing is capable of removing the noise, otherwise, stronger
smoothing can eliminate the true signal. Too much weight on smoothing could be de-
structive to the original signal but is necessary to remove background noise. In order
to identify the true background a more complex and accurate function is required that
focuses on the deviations in the positive path. However, the positive and negative residual
weights y − z are the same for the Whittaker smoother. Therefore, a key parameter of
asymmetric least squares for baseline correction, p(0 < p < 1), is established and calcu-
lated: wi = p if yi > zi, otherwise wi = 1− p [131; 132].
The following function was built in Python and produces the baseline of any given
curve using Asymmetric Least Squares fitting as discussed,
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and is the preferred method for baseline correction. It combines a smoother with the
asymmetric weighting of deviations from the smooth trend to form an effective baseline
estimation method with it being powerful and non-destructive.
3.4 Final Statements
The purpose of this chapter is to take the choices made upon the study of reviewed
literature and discuss in detail how the design and modification methods was used to
develop an LC3 selective biosensor. Choices were made regarding the type of biosensor,
transducer material, as well as measuring technique. For the purpose of this project an
electrochemical biosensor was chosen to be most applicable, using carbon nanofibres as
the electrode material and applying square wave voltammetry for final measurements.
Before any modification took place some parameters of the electrochemical setup was
required and determined by experimentation leading to a study of the electrochemical
window. The methods used for determining the parameters and redox potentials are ex-
plained in detail as well as how the sensors were characterised before modification. The
modification process involved electrografting of diazonium salt molecules onto carbon
nanofibre electrodes to form carboxyl support groups on the working electrode, followed
by EDC/NHS crosslinking chemistry discussing how these methods are used for LC3 an-
tibody immobilisation. The process of fluorescent validation is discussed followed by the
exact operation of how the final full scale test was executed. Lastly the chapter shows how
the produced data was handled by software algorithms to extract relevant information
and proves that the algorithm does not alter important aspects of the measurement.
This chapter is a step by step ‘walk-through’ of exactly why and how each method
was executed for the development of an electrochemical immunosensor using square wave
voltammetry. The findings produced by these methods are discussed in chapters 4 and 5.
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Results
This chapter discusses the findings produced during the development process of the LC3
electrochemical immunosensor. The data generated while characterising the sensor is
expressed and explained, followed by the results produced for the electrografting process.
Further the validation of successful antibody crosslinking is discussed and finally the
immunosensor LC3 calibration curve response.
4.1 Metrohm Dropsens 110D Sensor Results
The characterisation of the sensor produced by Metrohm Dropsens was executed using
square wave and cyclic voltammetry waveforms produced by the Palmsens 4. The char-
acterising of the electrochemical window, the determination of the voltage required for
square wave voltammetry as well as the results of the sensor reproducibility tests is dis-
played. The effects of different electrografting cycles was explored and also validates the
modification method which is followed by the results of the immunosensor response.
4.1.1 Electrochemical Window Characterisation
The voltammogram generated shown in Figure 4.1 is the result of executing a cyclic
voltammetry scan in PBS and the supporting electrolyte, ferricyanide, to determine the
electrochemical window of the immunosensor setup. The curve generated in PBS (blue)
demonstrates that the buffer has marginal contribution to the current in the voltammetry
range with rapid oxidation and reduction only occurring at -0.5 and 1 V, meaning the
window for the supporting electrolyte is about 1.5 V. A cyclic scan with the supporting
electrolyte (red) in the potential range of 0.7 to -0.5 V shows reduction with is peak in the
vicinity of -0.1 V and oxidation occurring at about 0.3 V, resulting in a formal potential
at 0.1 V. The study of shows that the PBS solution buffer is adequate as it does not effect
the oxidation and reduction peak currents of the redox couple. Identical peak currents is
expected with slightly different results that could be due to human measurement error,
with identical peaks suggesting the the experiment is reversible.
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Figure 4.1: Cyclic voltammetry scans using carbon nanofibre electrodes. The blue scan
in 0.1 M PBS shows the contribution of the buffer solution and the red scan in 5 mM
ferricyanide redox couple solution ranging from 0.7 to -0.5 V
4.1.2 Unmodified Sensor Characterisation using Square Wave
Voltammetry
Sensor characterisation using square wave voltammetry was executed by performing tests
in de-ionised water (blue), PBS (green) and the ferricyanide redox couple (red). Figure 4.2
shows the resulting voltammogram of the experiment with water showing no contribution
to the produce current in the potential range. The scan in PBS is to verify that the
buffer solution has no contribution to the current generated in the redox couple and
although the background scan is non-negligible, it is safe to continue using PBS with no
background subtraction as it has no produced peaks in the defined peak for SWV with the
supporting electrolyte. Next a sweep on the carbon nanofibre sensors with square wave
voltammetry was done in the range of 0.6 to -0.4 V producing a voltammogram (red) that
confirms no superimposition in the PBS (green) scan and validates the decision for no
background subtraction during data processing. The SWV scan in the ferricyanide redox
couple produce a peak just positive of 0 V which is expected for a formal potential of 0.1
V. All subsequent SWV scan were executed in a smaller range to focus on the produced
peak with parameters: 20 mV pulse size, 5 mV step size, 25 Hz, starting potential of 0.5
V, final potential of -0.2 V with an equilibrium time of 2 s.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 4. RESULTS 69
Figure 4.2: Graph showing characterisation of carbon nanofibre electrodes using square
wave voltammetry. Three scans were executed, the first in de-ionised water (blue),
second in the redox solution buffer PBS (green) and the last in ferricyanide redox couple
(red).
4.1.3 Unmodified Sensor Reproducibility
The reproducibility of the carbon nanofibre electrodes manufactured by Dropsens were
tested through square wave voltammetry in a supporting electrolyte with the produced
voltammogram shown in Figure 4.3. Three different sensors were scanned three times and
taking the last scan to ensure the sensors are stable, with the mean of the different sensors
90.23 µA and a standard deviation of 0.96 µA. The resulting graph shows the waveforms
to be identical in shape and magnitude for the same experimental setup.
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Figure 4.3: Graph showing peaks produced by SWV in ferricyanide on three different
sensors for reproducibility test.
The carbon nanofibre sensor’s square wave voltammogram shown in Figure 4.3 proves
the sensors to be reproducible. A CNF sensor were also used in an experiment to explore
its stability by executing 20 successive SWV scans and evaluating the resulting current
response to investigate the similarities. The results proves the sensors to be stable in the
supporting electrolyte with the twenty scans having a mean of 88.03 µA and a standard
deviation of 0.77 µA.
4.1.4 Electrografting of Diazonium Salt unto Unmodified Sensor
By executing cyclic voltammetry scans in a 4-carboxyphenyl diazonium salt mixture car-
boxyl groups are coated onto the working electrode with the step known as electrografting.
An aryl radical is formed which attached to the electrode surface while the salt solution
molecule gets reduced, with each successive scan to coat the surface with another layer
of support groups. The cyclic voltammogram is shown in Figure 4.4 for 8 consecutive
cycles of electrografting with the potential scanned from 0.2 to -0.6 V and back at 100
mV/s. The first grafting cycle is shown by the blue curve having a reduction peak at
more or less -0.28 V with the peak decreasing for each consecutive cycle. The decrease in
peak reduction current is due to a decrease in electron transfer efficiency as more layers
of carboxyl groups diminishes available electrografting space. An exponential decrease in
peak current confirms that the highest portion of groups are grafted in the first cycle.
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Figure 4.4: Graph showing 8 cyclic voltammetry cycles while electrografting unto the
carbon nanofibre electrodes.
Carbon nanofibre electrodes are known for their large surface area and thus requires
more than one cycle of grafting to properly cover the electrode surface with carboxyl
groups. The effect of this is seen with the peak of the first scan not completely decreasing
but decreases with each cycle as the surface is covered with more support groups.
The carboxyl support groups created on the electrode surface is known to repel the
electroactive molecule and would produce a resulting voltammogram with a decrease
peak current. This effect caused by electrografting can be verified doing square wave
voltammetry with the redox couple before and after electrografting. The voltammogram
shown in Figure 4.5 shown the SWV current response of the same sensor before and
after eight cycles of grafting with diazonium salt. Three successive scan after grafting is
expressed by the greatly diminished peak curves reduced from 76.60 to 21.31 µA. The
decrease in peak current verifies the crosslinking method of electrografting and proves the
electrode surface to be fully covered with support groups.
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Figure 4.5: Graph showing SWV scans on carbon nanofibre sensors before and after 8
cycles of electrografting for validation by reduction in peak current.
The voltammogram in Figure 4.5 aids as a visual confirmation of the electrografting
process shown by the clear reduction in peak current. Furthermore, a detailed experiment
showing the effects of the grafting process of different voltammetry cycle numbers is
expressed by the histogram in Figure 4.6. Three different sensors were used to explore
the effect of three different cycle numbers with a SWV scan performed before grafting on
the unmodified sensors shown by the blue bars and produced similar peak around 74 µA.
Similar peak currents again proves the stability and reproducibility of the CNF sensors.
The experiments for grating of different cycles were performed and shown by the red bars
for cycles of 1, 4 and 8 respectively.
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Figure 4.6: Graph showing the effect of different number of CV cycles coating layers of
carboxyl groups on the working electrode, with the histogram expressing caused
reduction in peak current.
It was expected that more cycles of electrografting would lead to a reduction in peak
current due to the repulsion molecule grafted onto the electrode surface and is precisely
what the trend of the red bars peak current showed. The reduction in peak current has a
non-linear trend and shows that the electrode surface is moving towards saturation with
the first peak having a reduction of 52%, the second a reduction of 73% and 81% for 8
cycles of grafting.
4.1.5 Antibody Crosslinking and Fluorescent Validation Study
To confirm that anti-LC3 antibodies was successfully immobilised onto the carbon nanofi-
bre working electrode a fluorescent validation study was executed. This study will also
ensure that the procedure of determining the baseline peak with square wave voltammetry
in a redox couple before LC3 protein immobilisation does not wash off the antibodies.
The imaging in Figure 4.7 shows the fluorescence of the secondary antibody bound to the
primary antibody with its presence also confirming the success of the carboxylic support
groups created by electrografting. Figure 4.7A is the fluorescent imaging of an unmodified
sensor acting as a control test, checking for any autofluorescence. Figure 4.7B-D is the
fluorescence of three different concentrations to check if an increase in antibody concen-
tration produces a great change in bindings confirmed by an increase of fluorescence.
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Figure 4.7: Imaging of the fluorescent study undergone to validate antibody binding.
Three different concentrations of anti-LC3 was immobilised with 10 µg/ml (B), 25
µg/ml (C) and 50 µg/ml (D) and studied as well one unmodified sensor as control (A).
Figure 4.7B-D is photos of fluorescent imaging done on the sensors with increase con-
centration of anti-LC3. The sensors all went for three square wave voltammetry scans each
in the ferricyanide redox couple before sent for imaging to validate the antibodies as they
would be right before protein immobilisation. Looking closely it is observed that there is
indeed an increase in fluorescence compared to the control test as well as an increase as a
higher concentration anti-LC3 is immobilised which suggest that the method of antibody
crosslinking was successful and the baseline scans before protein immobilisation does not
wash off the antibodies. From the presented imaging the intricate detail is unclear but
with software used for performing the imaging, higher levels of fluorescent is observed
and despite its non-linearity it still proves that a higher concentration is more effective
for immobilisation.
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4.2 LC3-II Immunosensor Response measured with
Palmsense 4
A full scale test was conducted on the carbon nanofibre sensors to test the response of the
immunosensor using the Palmsens 4 in the ferrocyanide redox couple, with this section
presenting the findings of the full scale test.
The final full scale test executed produce the results seen in Figure 4.8 and would be
the calibration curve generated for the carbon nanofibre sensors. The peaks generated by
SWV were extracted using the methods described in Section 3.3 and were plotted accord-
ing to their concentration LC3 versus the percentage change relative to a predetermined
baseline peak. The calibration curve presents the plotted results with each point con-
taining the mean of three sensors as well as an error bar to visually express the standard
deviation of each concentration with multiple sensors. Over the range of LC3 concentra-
tions an overall difference can be seen with an increase of concentration versus percentage
change, meaning that the sensor was capable of detecting the presence of LC3 with no
overlapping error bars. The curve is non-linear meaning the sensor is inaccurate and not
sensitive enough for picking up small levels of LC3 but confirms the immunosensor’s proof
of concept.
Figure 4.8: Graph showing the percentage change of each protein concentration after
immobilisation as the full scale test, serving as a calibration curve.
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Discussions
This chapter serves as a link between the literature and the results discussed in chapter 4
and reviews the findings as well the the efficiency of the developed immunosensor. Certain
choices made regarding the design of the sensor lead by literature is discussed as well as the
data analysis algorithm and noise elimination methods used to extract the data produced
by the Palmsens 4. The findings observed during sensor modification is discussed in detail
followed by the final review of the developed LC3 immunosensor to explain how well the
sensor works by reviewing the full scale test calibration curve.
5.1 Noise Elimination & Data Analysis Algorithm
All electrochemical experiments require a level of signal processing and data analysis in
order to compare the waveforms produced and is possible through standard hardware
and in depth software implementation. The aim of this process is to implement methods
to reduce the noise generated as much as possible and finally extract a peak value rel-
ative to the curve’s baseline without changing critical information hidden inside the signal.
External noise is usually induced into a system due to factors in the surrounding envi-
ronment, and is caused by frequencies in electrical fields to which open cables are exposed
to. Noise of this nature is usually in the range of 10−9 to 10−12A and could be reduced by
implementing a Faraday cage to shield the experimental equipment [133]. The currents
observed that are produced in the electrochemical experiments are in the range of 10−6 A
and discovered to be negligible when analysing the peak currents and therefore not imple-
mented which greatly simplifies the experimental setup. Commercial potentiostats such
as the Palmsens 4 and Gamry 1000E are designed with high quality low noise components
ensuring the devices to have high quality noise specifications with current to be in the
10−9 A range, thus using such devices enables the experiments to take these currents to
have no noticeable effect.
Due to the nature of electrochemical experiments the signal generating the a redox
couple could be superimposed on the signal generated by its solution buffer in which case
a background scan is required [134]. After performing a scan in the solution buffer the
produced signal is observed to not produce any unwanted peaks in the range of the redox
produced peak and has no effect on the extracted data. Therefore no background sub-
traction was necessary and only a Savitsky-Golay filter was implemented to reduce signal
noise.
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With the commercial screen printed electrode not being perfectly reproducible the
measured peak relative to the origin will produce invaluable data and thus requires to
be measured relative to the curve’s own baseline. To measure a baseline peak current
algorithms were developed to extract a curve’s baseline by method of leading edge iden-
tification, inflection point identification and least square baseline correction.The latter
was the method of choice with the first two method being highly subjected to human
error. Certain parameters are to be chosen before analysis that requires consideration
of the signal before processing. These methods are observed to be quite reluctant, time
consuming and inaccurate therefore chosen to not be the main method of baseline extrac-
tion. The method of least squares baseline correction is an algorithm that requires only
two parameters dependant on the scale of the produced signal and with the scale of the
electrochemical experiment being relatively similar the parameters does not require any
alteration once established. Figure 5.1 and 5.2 is a visual representation of a smoothed
signal being subjected to the baseline correction algorithm while changing its parameters
p and λ with the values recommended to be in the range of 0.0001 ≤ p ≤ 0.1 and 102 ≤ λ
≤ 109. The graphs in Figure 5.1 and 5.2 is the result of keeping one parameter constant
while changing the other to show the different effects of the correction algorithm with the
blue curve the original smoothed signal and the red the corrected baseline. Experimenta-
tion with these parameters are shown in grey with the optimal values determined through
trial and error resulting in the final value of p = 0.0001 and λ = 100000.
Figure 5.1: Graph showing the
effect of of changing the parameter
p of baseline correction algorithm
when executed onto the produced
voltammogram
Figure 5.2: Graph showing the
effect of of changing the parameter
λ of baseline correction algorithm
when executed onto the produced
voltammogram
The methods used for data analysis was successful, it is capable of eliminating noise as
well as extract the necessary peak information required for sensors evaluation and curve
comparison. The method used for baseline extraction does not require any expertise and
consideration once established and will be successful for experiments of the same scale.
Experiments that produce larger currents over greater potential ranges will only require
a small adjustment which could be easily implemented. The peaks are then calculated
by using a high-level function to located the absolute peak and subtraction the baseline
from this value to determine the relative baseline peak.
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5.2 Biosensor Development
This section covers the modification process towards an LC3 specific immunosensor and
discusses the findings produce by choices made relating to the setup by which measure-
ments were taken as well as crosslinking through electrografting, activation and antibody
immobilisation.
5.2.1 Measurements in the Electrochemical Setup
It is required that all modification steps towards antibody immobilisation be exactly the
same as well as the handling of each electrode to ensure that changes of the peak current
are not due to inconsistent experimental setups. Following the first electrochemical SWV
scans it was observed that the first scan (yellow) differs quite significantly from the second
(blue) and third (green) scan as witnessed in Figure 5.3. Analysing the process of pipetting
ferricyanide onto a fresh unused electrode bubbles are observed on the surface. Thus two
steps was implemented namely wetting and washing which is to be consistent throughout
all experiments to remove any bubbles and impurities on the electrode surface. To make
sure the sensor has a stable response multiple scans were executed with the latter scan
the final curved saved for observation. The washing step was performed using PBS for
all steps prior to antibody immobilisation and TBST was used for all subsequent washing
steps as TBST is known to effect unbound molecules to be less "sticky" and will ensure
that any unbound protein and tris is washed off. After the wetting and washing steps
were added the sensors proved have an increase in reproducibility making the results more
trustworthy and was implemented for all sensor modification steps.
Figure 5.3: Voltammogram of an unmodified carbon nanofibre sensor produced by
executing three SWV scans in ferricyanide using no wetting procedures.
Due to different solutions used by each modification step the wetting and washing
steps were important to make sure that the solution required for a specific process is
the only liquid present in the step. Furthermore, to ensure the sensors are unchanged
between steps, especially after antibody immobilisation, all sensors were pipetted with a
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100 µl droplet of PBS and stored on ice to place it in an unchanging physiological envi-
ronment awaiting voltammetry and LC3 immobilisation. A water saturated environment
was created by soaking a paper towel in de-ionised water and placing it in an enclosed
plastic container. All incubation and modification steps were performed inside this envi-
ronment to prevent the liquids on the electrode surface from evaporating and to maintain
a constant environment.
5.2.2 Electrochemical Window
The behaviour of the supporting electrolyte in an electrochemical setup is widely studied
with the principle of operation for this project based upon an article by Eissa et al. [43]
towards building a biosensor for detection of SMN protein. Although Eissa et al. ex-
plored the potential window, electron transfer rate and redox potential parameters, it is
still necessary to confirms these parameter to ensure an optimal electrochemical setup.
Limited resources kept this project from validating the electron transfer rate, but is not
of interest for this thesis and would not contribute to the electrochemical setup. The elec-
trochemical potential window was validated and used to determine the formal potential
of the supporting electrolyte.
The main reason for exploring these parameters was to make sure that the materials
used for the sensor transducer in combination with the redox couple of choice is compatible
and that the setup is electroactive. The electrochemical window for different transducer
materials found in literature varies for example graphene oxide screen printed electrodes
in PBS to have a window around 2.5 V and GPHOX SPE’s larger than 1.5 V, with no
reference on the potential window of carbon nanofibre transducers in PBS. This project
explored the potential window and determined it to be around 1.5 V with ferricyanide
redox couple capable of accommodating the potential window.
An important consideration for taking into account was the concentration ratios used
of the redox couples versus the redox molecules. The concentrations were chosen as such
that the ions of the supporting electrolyte would have a much higher chance of moving
compared to the ions of the redox probe. This ensures that the supporting electrolyte
would be used for balancing the charge instead of the redox molecules by choosing PBS
to have a concentration of 0.1 M and ferricyanide to have a concentration of 5 mM.
The requirements necessary for an electrochemical cell as discussed in Section 2.3 is
satisfied and the choice of transducer material, supporting electrolyte and redox potentials
is justified.
5.2.3 Sensor Reproducibility
The importance of checking the reproducibility of a sensor is based on trying to avoid
false and inaccurate data readings. The reproducibility of the commercially manufac-
tured SPE’s by Dropsens is studied to ensure that they are trustworthy and will give
an indication to what data processing is required to compare results of different sensors.
The reproducibility study of the carbon nanofibre screen printed electrodes shows similar
peaks and waveform shapes that no extra signal processing other than baseline extraction
is necessary, and that the sensors would suffice for an immunosensor proof of concept.
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5.2.4 Crosslinking by Electrografting
To immobilise antibodies to the surface of a transducer it requires support groups for
them to covalently bind to the material. Support groups called carboxyl groups can be
easily created by method of electrografting which proves to be time and cost effective.
The total preparation time for making the diazonium salt solution is 15 minutes, uses low
cost materials and requires a device to perform cyclic voltammetry on an electrochemical
cell. Eissa et al. explored different materials as traducers including carbon nanofibres and
serves as a good measure of comparison for this project. Figure 5.4 shows the grafting of
diazonium salt onto CNF sensors reported by Eissa et al. against Figure 5.5 which is the
grafting results of 3 successive cycles used in this project. It is explained in Section 4.1.4
that there is a trade-off of carboxyl groups versus sensor sensitivity and after consideration
of Figure 4.4 the optimal grafting cycles are chosen to be 3. The reduction peaks for this
project is similar to that reported by Eissa et al. but differs for the peaks produced with
reduction occurring in the vicinity of -0.25 V and the peaks produced in this project
twofold than reported in literature at 45 compared to 20 µA.
Figure 5.4: Electrografting
voltammogram of 4 cycles by Eissa
et al. [43].
Figure 5.5: Electrografting
voltammogram of 3 cycles for this
project.
The current response produced through square wave voltammetry in Figure 5.4 is
part of a larger group of sensors of various materials that were up for experimentation
to evaluate their efficiency. Intricate details baring important information like the cycle
number of a specific curve as well as the exact experimental setup was left out but leaves
the reader with a conclusion that an increase in grafting cycles will result in decreased
SWV current peaks. The carbon nanofibre sensors received from Dropsens proved to be
stable and could compare to the results reported by Eissa et al. where the voltammogram
in Figure 5.7 is the resulting current response. Three different sensors were used to
evaluate the peak reduction underdone for each electrografting cycle. Using different
sensors ensures no contamination by the redox couple occurring while doing SWV scans
to determine current peaks and was assumed that the same procedure was followed by
Eissa et al.. Peak reduction occurs as expected which validates the crosslinking process
and after comparing the peaks with that of literature it is found that the initial peak
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be much lower found in this project with the peak being 70.5 compared to 120 µA. The
larger current response could be an indication that the sensors used by Eissa et al. were
of better quality and more sensitive hence producing better results towards detection of
the target protein.
Figure 5.6: Peak reduction for
electrografting cycles by Eissa et
al. [43].
Figure 5.7: Peak reduction for
electrografting cycles for this
project.
There are various methods to optimise the process of electrografting with some of
these methods being Raman spectroscopy and X-ray photoelectron spectroscopy (XPS)
that can be used to optimise the surface coverage of the working electrode. The use
of these methods was not possible for this thesis due to a lack of resources as these
methods require expensive materials en a large amount of expertise. These methods
would also require accurate account of some variables such as the exact concentration of
diazonium salt and antibody solutions, the pH of some solutions as well as the surface
area of the CNF working electrode. The use of these advanced methods would not largely
improve the sensor’s response and another educated choice wade made based upon the
current response of the cyclic voltammogram during electrografting for 8 cycles. The
current response shows saturation of the surface with carboxyl groups as the shape of
each subsequent cycle becomes more unchanging so the cycle number was chosen at 3
where the cycles are as little as possible to preserve sensitivity but also enough that with
an exponential decay another cycle will not be of great impact. The large surface area of
the carbon nanofibre working electrode allowed for more cycles but it was decided to have
one less cycle than that used by Eissa et al. due to the sensors of this project already
being less responsive and relatively insensitive.
The presence of carboxyl support groups were confirmed in literature by using Ra-
man and X-ray photoelectron spectroscopy, but due to these resources not available the
reduction in peak currents were sufficient for confirming the presence of functional groups
coated onto the working electrode. The findings were similar to that of Eissa et al. and
was assumed to be close to optimal.
5.2.5 Crosslinking Activation and Antibody Immobilisation
The immobilisation procedure of LC3 is continued by the method of EDC/NHS crosslink-
ing chemistry which is the activation of the linker in order for the antibodies to bind to
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the carboxyl groups which were created through electrografting. Antibody immobilisa-
tion is greatly dependant on the execution variables and parameters of this method as the
efficiency of the process is directly proportionate to the total bound antibodies. The ap-
plication of this procedure is unique for every application and a process of trial and error
is required to optimise the concentration to ensure optimal surface coverage with these
variable to be EDC/NHS concentrations, solution pH, antibody concentration, number of
available carboxyl groups, solution volumes and incubation times. A perfect combination
of these parameters would results in optimal crosslinking activation but for this project
a combination of parameters retrieved from literature and professional guidance from the
physiology department of Stellenbosch university was used to determine the method pa-
rameters.
The concentrations of the EDC/NHS incubation process were increased from that
reported by Eissa et al. to ensure that the functional support groups are properly activated
and the incubation time of LC3 was also extended making sure that enough time is allowed
for binding to take place. Optimisation of the crosslinking procedure was outside the scope
of this thesis but fluorescent imaging confirms the success thereof which validates all steps
prior to LC3 protein immobilisation.
5.3 LC3-II Biosensor for Detecting Autophagy Flux
A measure of how well a biosensor performs is based on its performance in five categories
namely reproducibility, sensitivity, selectivity, stability and lastly accuracy which relates
to the linearity of the sensor response. All categories are of equal importance and a lack in
any of these fields will result in falsely produced information on the process its measuring.
Firstly the sensor needs to be reproducible, for the generated response is based on relative
data and needs to be compared in analysis and is the ability of the sensor to have similar
behaviour in the same experimental conditions. The sensor’s sensitivity would determine
its ability to detect very small concentrations of the target protein and also contributes
to the accuracy of the measurement and could either be increased by increasing the
surface area of the working electrode or suing more specific detection techniques such
as electrochemical impedance spectroscopy (EIS). The selectivity of the biosensor is its
ability to not be affected by any noisy proteins in the sample as it would ultimately be
a plasma sample extracted from blood and the binding of non-specific proteins would
generate inaccurate readings. The stability of the sensor is a measure of robustness and is
the ability to not be effected by its environment for example external noise injected into
the system via the electronic measurement circuitry and the temperatures at which the
experiments take place. The sensor’s accuracy is based on its ability to linearly detect an
increase in protein concentration with the success thereof ultimately proving the success
of the developed immunosensor. All these parameters contribute to the working of the
developed biosensor and is discussed next with its response generated during a full scale
test. The findings showed in chapter 4 are explored taking these parameters into account
and is used to conclude on the success of the immunosensor.
5.3.1 Measurements executed with the Palmsens 4
The reproducibility of the unmodified carbon nanofibre electrodes from Dropsens showed
to be excellent and produced current responses of the exact same shape with baseline peaks
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to be of little difference. The absolute peaks drifted thus baseline correction was necessary.
The change in absolute peaks could be due to variables in the manufacturing process that
causes each sensor to have an unequal amount of carboxyl groups and ultimately different
electron transfer behaviour. Figure 5.9 shows the baseline peaks extracted from the
sensor’s current response during the full scale test and shows the relative peaks before
and after LC3 immobilisation. It is clear that from the peaks before immobilisation
that the reproducibility of the modified sensors are low and thus justifies the measure of
comparison to look at the percentage change in peak currents. The peak current produced
by sensor 12 is clearly an outlier and causes the average of the sensor grouping to rise and
explains the data point in Figure 3.8 being outside the trend for increasing concentration.
This is due to manufacturing inconsistencies with the cause of this phenomenon explained
by Figure 5.8 where a deterioration of the reference electrode is witnessed.
Figure 5.8: Image showing evidence of poor manufacturing resulting in deterioration of
the reference electrode.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 5. DISCUSSIONS 84
Figure 5.9: Peak currents of full scale test before and after LC3 protein immobilisation.
Figure 5.9 serves as a breakdown of the main test result of figure 4.8, The CNF sensors
had peak currents in the vicinity of 10-15 µA after antibody immobilisation and the tris
blocking step with peaks reducing to an average of 5 µA for the full scale test. The stability
of the sensors were not explored in this project as well as not the selectivity due to limited
time and resources. The resulting data showing the percentage change versus increase in
concentration in Figure 4.8 shows no linearity and states the sensor to be inaccurate. The
outlier produced by sensor 12 causes the result for 1 µg/ml LC3 to be false but the general
trend for an increase in LC3 protein is witnessed. Over the range of the full scale test a
trend is seen that verifies the basic operation and proof of concept of the immunosensor as
the trend states that an increase in concentration results in an increase of LC3 bindings
onto the working electrode. The sensor shows low sensitivity and not able to detect any
increase in the lower concentration ranges but works for higher concentrations showing
the immunosensor to be successful in a certain range. Propositions for making the sensor
more sensitive and accurate are discussed in the final chapter as well as how a working
LC3-II immunosensor would be used to estimate autophagy flux.
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Conclusions
This chapter summarises and integrates all facets explore in the project and concludes on
the work done. Limiting factors, recommendations and future development proposals are
discussed followed by an overall final conclusion.
6.1 Thesis Summary
The propose of this project was to develop a biosensor with the main goal to have a sen-
sor capable of detecting LC3 protein in a physiological environment and using developed
software for peak extraction. Data analysis algorithms will generate a calibration curve
in which LC3 concentration can be found, using this in conjunction with blocking steps
for the estimation of LC3-II towards an autophagy flux measurement.
An in depth literature study considers various sensing techniques, highlighting fea-
tures optimal for this project as well as methods to integrate them. Various biochemical
techniques were explored with the information found aiding in the development of an
electrochemical biosensor.
As a result of the literature study, carbon nanofibre screen printed electrodes com-
mercially manufactured by Dropsens were attained to explore the possibility of electro-
chemical detection of LC3 as a proof of concept. In order to attach LC3 antibodies to the
transducer surface the sensor surface needed bio- and electrochemical modification. The
surface was modified by electrografting of diazonium salt through cyclic voltammetry for
the creation of carboxylic support groups, followed by cross-linker activation for antibody
attachment by EDC/NHS. Lastly a blocking step followed by square wave voltammetry
scans before and after LC3 protein immobilisation.
The proof of concept involves using a commercial industry standard potentiostat, the
Palmsens 4, for all electrochemical modification i.e. cyclic voltammetry for electroactive
reduction and measurement scans. The device was used to perform the full scale test and
required the execution of square wave voltammetry scans in the same electroactive species
before and after LC3 protein immobilisation with the voltammetry parameters consistent
over the testing spectrum.
For this project a successful proof of concept was established towards the detection
of LC3 in a physiological solution. Full sensor optimization was not possible due to the
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lack of resources relating to time resulting in inaccurate sensor readings and a lack of
sensitivity with the overall concept proven. The proof of concept is deemed successful
after observing an obvious increase in peak current which identifies the LC3 protein in
figure 4.8, which serves as the major final result of this project. The results indicate that
the sensor is capable of quantifying LC3 with further development to increase sensor sen-
sitivity and conducting more test over a wider range of protein concentrations to validate
this. If time allowed the cross reactivity of the sensor would have been tested but is not
present in this thesis thus, in further development it is highly important to first explore
this before proceeding. Binding of the LC3 protein reduces the relative baseline peaks
measured confirming the electron repulsion due to protein charge and shows successful
detection of LC3 in the overall spectrum of concentrations. The immunosensor utilised
carbon nanofibre electrodes in a ferricyanide redox couple and monitors electron transfer
between them with a decreased peaks in the vicinity of 50% reduction. Further experi-
mentation is necessary to ensure the reduction is due to selective LC3 protein bindings.
A software algorithm was developed in parallel for automated peak extraction and is one
step closer to having a complete autophagy measurement device.
6.2 Thesis Objectives
The main goals of this project were:
i To develop an electrochemical biosensor for detection of LC3-II as proof of concept
towards an autophagy flux estimation.
ii To develop optimized software algorithms for extraction of valuable information for
interpretation of the protein signature into autophagic activity.
The first objective of the project, to have a biosensor as proof of concept, was par-
tially fulfilled as an increase of protein concentration in a physiological environment is
observed. However an increase is observed over the entire spectrum of LC3 concentra-
tions and looking closer, the sensor is unable to accurately determine LC3 concentrations
due to no linearity in the results. The lower concentrations seem to have no effect on
the biosensor showing that it also lacks sensitivity but serves as a proof of concept and
is successful in that regard. The principle of the biosensor was confirmed showing that
a charged protein binding to the working electrode repels the redox molecule and deems
the proof of concept ready for further development.
This project made use of commercially manufactured carbon nanofibre screen printed
electrodes by Dropsens, with these electrodes showing evidence of manufacturing defects
that could be the product of error in big scale manufacturing, defects forming from ship-
ping as well as the amount of time passed from manufacturing. These defects cause some
sensors to behave differently and allows for deterioration of the working electrode result-
ing in a decrease in sensitivity. Manufacturing the electrodes in house enables control of
parameters like the total area of the working electrode that is directly proportional to
the sensor sensitivity gives control on electrode preservation. The next step would be to
manufacture the sensors in house, reproduce the results and comparing them for further
analysis.
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The second objective of developing software to successfully extract valuable informa-
tion was successful and can be used in all following experiments. The method does not
need any adjustments and knowledge on its working principle but can simply be exe-
cuted and will generate relevant information. Further development of a potentiostat to
specifically executed square wave voltammetry towards estimation of autophagy flux can
incorporate this algorithm.
6.3 Limitations
Resources and expertise towards a fully optimised biosensor was limited for crosslink-
ing surface coverage using the methods of Raman and X-ray photoelectron spectroscopy
(XPS). The validation of peak reduction was sufficient but optimization could play a big
role in the final biosensor.
Due to Covid-19 the year of 2020 involved periods of country-wide lock-down causing
access to lab equipment and resources to be abstracted. Restricted access reduced the
period of development and testing resulting in less validation experiments and further
sensor development. Development for that period is discussed in the next section and
is the process following the success of the immunosensor proof of concept. The sensor
response in a complex solution such as whole blood was outside the scope for this project.
6.4 Future Recommendations
With each environment being unique there are minor differences for duplication of ex-
periments that can cause major errors. Thus it is recommended that electrochemical pa-
rameters are not assumed from previous research but that all parameters be determined
before further modification to ensure legitimacy of the electrochemical setup, simplify-
ing the debugging process in future experiments. This requires the determination of the
electrochemical potential window and key redox potentials to make sure the transducer
material is compatible with the electroactive species.
For optimal efficiency in the development of an electrochemical biosensor it is recom-
mended that the effect of each modification step be verified before succeeding to the next
step. Confirmation of each step removes the guesswork during debugging further down
the modification process and adds towards optimisation of each step. Various confirma-
tion techniques are available for recommendation and is dependent on the modification
technique where for this project voltammetry techniques and fluorescent microscopy was
use for validation. Other techniques for composition studies would be beneficial and is
recommended for future development, especially in-house built CNF electrodes for eval-
uating the surface topology such as scanning electron and confocal microscopy as well as
Fourier transform infrared spectroscopy. Square wave voltammetry was used to validate
the formation of carboxyl support groups on the surface of the working electrode but is
not sufficient for complete optimisation, and the binding of a secondary fluorescent marker
to the antibody produced imaging by fluorescent microscopy that is used to validate the
binding of anti-LC3. The presence of fluorescence found by microscopy to validate the
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binding of anti-LC3 is also a validation of other modification steps such as the linker
activation by EDC/NHS crosslinking chemistry, and is also a second degree of validation
of the electrografting process. However, if unsuccessful the factor of multiple variables
causes uncertainty in the error and is exactly why it is recommended to validate each step
individually.
A secondary fluorescent tag was aquired to confirm the bindings of LC3 antibodies
but only basic validation was performed. A control test was done with no modification on
the electrodes performed as well as a test to evaluate the effect of three different protein
concentrations. It is recommended that the study be taken further by executing a control
test on an unmodified sensor to check if any bindings take place that adds noise to the
image, as well as a test where a modified sensor is incubated in a solution containing
non-specific protein.
The semi positive results retrieved from the full scale test could further be validated
by repeating the full scale tests and executing the experiments by testing the various
concentrations at random to ensure that time does not play a role in the current response.
The inaccurate data produced by sensor 12 can also be removed from the data set and
reproduced to find a more stable response. The sensors showed to be insensitive for lower
proteins thus it is recommended that the sensors be built in-house. Doing this will allow
the control of influencing variable that is directly proportional to the sensor sensitivity
and the quality will be assured. Manufacturing the sensors in-house will allow the working
electrode to have a bigger radius and thus a larger surface area to produce a higher current
response. A higher current response will lead directly to a more sensitive sensor and the
bigger surface area minimises the error margin for non-specific bindings.
6.4.1 Proposed methodology for determining autophagy flux
The process of autophagy is accompanied by various autophagy related proteins where
these proteins are formed during different phases of degradation. Each phase is identified
by a specific protein and the accumulation of a protein will be an estimate towards the
rate of the autophagic process. The phagophore membrane grows where completion of the
spherical vesicle is called the autophagosome, with the formation of an autophagosome
relating to the LC3-II protein. An increase in LC3-II is directly proportional to the total
autophagosomes formed as discussed in Section 2.1.1.2, thus to determine autophagy flux
the levels of LC3-II are to be measured.
The problem with an immunosensor is that anti-LC3 captures the whole LC3 protein
and cannot distinguish LC3-II from LC3-I. The solution to this problem is taking a sample
and chemically blocking the autophagic process before taking a measurement to determine
the total accumulated LC3-I in a sample whereafter a second measurement is taken when
autophagy is induced to determine the total level of LC3. The difference between the
levels of LC3 before the blocking step and after produces the total accumulated LC3-II.
The levels of LC3-II can be monitored by adding certain protease inhibitors to ensure
the interpretation of the measurement is towards the accumulation of autophagosomes.
An inhibitor to induce autophagy is used known as E64 with it being a calpain inhibitor
proposed for this purpose specifically [135]. If treatment with bafilomycin A1 causes an
increased level of LC3-II with a specific chemical, the treatment in only bafilomycin A1
suggests an increase in the rate of LC3-II accumulation [135], tracing back to the forma-
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tion of autophagosomes, hence autophagy flux.
Thus, after an optimised LC3 immunosensor is developed the determination of au-
tophagy will require a few simple steps in conjunction with a user friendly device to
produce an autophagy flux reading.
6.5 Final Conclusions
The main goal towards a proof of concept immunosensor for the detection of LC3 pro-
tein was successful. The research provide all the means and recommendations for further
exploitation and through optimisation and development of a complete device the mea-
surement of autophagy flux will be possible. The sensor does not make use of a tag or
signal amplifier contributing to the simplicity of the sensor. The data analysis algorithm
developed is successful in a manner to which the process can be automated. The algo-
rithm can be utilised by the final system with minor parameter changes as required.
The complete autophagy measurement system will consist of disposable electrodes
that plugs into an electronic system designed specifically to executed a voltammetric
measurement and produce an autophagic flux reading.
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Appendix A
Chemical Solutions & Dilutions
A.1 Ferricyanide Redox Couple
All electrochemical experiments were performed in potassium ferricyanide (K3Fe(CN)6)
electroactive species. For all experiments involving ferricyanide redox couple, a 50 ml
batch was prepared in situ at 5 mM. PBS (1X, pH 7.4) was used as the supporting
electrolyte buffer and prepared using the following protocol:
1. Add 50 ml of PBS(1X, pH 7.4) to a falcon tube;
2. Add 82.31 mg of K3Fe(CN)6 to the same tube for a 5 mM solution;
3. Stir solution with a vortex mixer until all solids are properly dissolved.
A.2 Hydrochloric Acid Dilution
The electrografting procedure uses a diazonium salt mixture which requires a hydrochloric
acid solution for its preparation. The method requires 0.5 M HCl and was prepared by
executing the following steps:
1. 32 % wt/wt HCl was acquired at the physiology molecular lab;
2. 4.957 ml of the stock solution was pipetted into a 100 ml beaker filled with 50 ml
de-ionized water;
3. The solution was added to a 100 ml volumetric flask and filled to obtain 100 ml HCl
at 0.5 M concentration.
This hydrochloric acid solution was prepared in situ for all electrografting experiments.
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A.3 Diazonium Salt Solution
For all electrografting experiments the 0.5 M HCl solution as prepared in section A.2 is
used to create the 2 mM diazonium salt mixture. Equal ratios of 4-aminobenzioc acid
and sodium nitrite (NaNO2) forms 2 mM diazonium salt and was prepared by succeeding
the following protocol:
1. 25 ml of the HCl solution prepared in section A.2 was added to a falcon tube;
2. 34.5 mg of NaNO2 was added to the same tube to obtain a concentration of 20 mM;
3. 68.57 mg of 4-aminobenzoic acid was added to the tube to obtain a concentration
of 20 mM;
4. The solution was stirred for a few minutes with a vortex mixer at room temperature
until the solids were completely dissolved;
5. 40.5 ml of the HCl solution was added to a clean falcon tube;
6. 4.5 ml of the 20 mM concentrate solution was added to the 40.5 ml HCl solution in
the new falcon tube to get a total of 45 ml;
7. This resulted in a diluted mixture of 2 mM diazonium salt solution with 4-aminobenzoic
acid and NaNO2 in similar ratios;
8. The final solution was stirred with a vortex mixture before used.
To simplify measurements a diazonium salt concentrate was first prepared then diluted
to form the 2 mM solution that was used for electrografting.
A.4 EDC/NHS Crosslinking Protocol
The EDC/NHS solution required for crosslinking activation was prepared in situ using
the following protocol:
1. A stock solution of 0.1 M MES Buffer was prepared by taking 1.464 g MES and
adding it to 75 ml de-ionized water;
2. Adjust pH to 5.5 using NaOH and stored stock solution at room temperature;
3. Add 7.5 ml of the stock solution to a falcon tube;
4. 57.51 mg EDC was added to the tube producing a concentration of 40 mM;
5. 16.285 mg sulfo-NHS was added to the tube producing a concentration of 10 mM.
The final solution for EDC/NHS crosslinking chemistry was 40 mM EDC and 10 mM
sulfo-NHS in 0.1 M MES buffer.
Stellenbosch University  https://scholar.sun.ac.za
APPENDIX A. CHEMICAL SOLUTIONS & DILUTIONS 93
A.5 Anti-LC3 Fluorescent Study Dilution
Figure A.1: Figure showing how the antibody concentration was diluted for anti-LC3
immobilisation for the fluorescent validation study.
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A.6 Anti-LC3 Full Scale Test Dilution
Figure A.2: Figure showing how the antibody concentration was diluted for anti-LC3
immobilisation for the fluorescent validation study.
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A.7 LC3 Protein Full Scale Test Dilution
Figure A.3: Figure showing how LC3 protein concentration was diluted for LC3
immobilisation during the final full scale test.
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Appendix B
Code
B.1 Asymmetric Least Squares Baseline Correction
Algorithm
B.2 Basic Plotting Code
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C.1 Palmsens 4
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C.2 Dropsens 110D
Carbon Nanofibres modified Screen-Printed Carbon Electrodes
Parque Tecnológico de Asturias - Edif. CEEI. 33428 LLanera (Asturias). Spain
(+34) 985 27 76 85 - info@dropsens.com - www.dropsens.com   
These disposable Screen-Printed Carbon Electrodes (SPCEs) modified with Graphitized Carbon Nanofibres 
(CNFs) are designed for the development of (bio) sensors with an enhanced electrochemical active area.
Ceramic substrate: L33 x W10 x H0.5 mm 
Electric contacts: Silver
The electrochemical cell consists on:
      Working electrode(s): CNF / Carbon
      Auxiliary electrode: Carbon 
      Reference electrode: Silver














Cyclic voltammograms of 1·10
-4
 M hydroquinone in 0.1 M acetate buffer solution pH 5.0 

















Also, specific connectors that act as an interface between the screen-printed electrode and any potentiostat     
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